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ABSTRACT

Batrachoidiformes, the toadfishes, are benthic fishes that inhabit nearshore
subtidal, and intertidal habitats. They are characterized by their dorsoventrally
flattened bodies and large pectoral fins. These fishes have larvae that are
retained in nests guarded by their parents. At present, 82 species and 23 genera
are accepted as valid. Previous studies recognized a one family, Batrachoididae,
with four subfamilies: Batrachoidinae, Porichthyinae, Thalassophryninae, and
Halophryninae. Interrelationships among subfamilies are unresolved and
interrelationships among species are problematic. Despite being a conspicuous
member of the coastal fauna, the internal morphology of most species of
Batrachoidiformes is unknown; intraspecific and ontogenetic variation has not
been studied for most species. Several characters used in previous analyses
were found to have problematic construction or vary intraspecifically. This new
study reassessed the morphology of 66 species of 22 genera, representing most
of the diversity of subfamilies of Batrachoidiformes. This investigation also
focused on accounting for intraspecific and ontogenetic variations to better
recognize potentially phylogenetically informative characters.
Chapter 1 investigated the caudal skeleton of Batrachoidiformes, the
posteriormost region of the axial skeleton. Results found high levels of
intraspecific variation in this region, especially in the shape of the epurals and the
parhypural flange. Despite the high intraspecific variability, potentially informative
characters were identified, such as the presence of a hypurapophysis-like
process in seven genera of Halophryninae.
Chapter 2 investigated the series of intermuscular bones and tendons
within Batrachoidiformes. Variation in this series of sesamoid bones is not only
poorly known in toadfishes, but teleostean fishes in general. Results show that
variation in intermuscular bones is high and potentially phylogenetically
informative. Batrachoidinae, Thalassophryninae, and Halophryninae share the
origin of epineural one articulating with the neural spine of the first vertebra. In
Porichthyinae and other representatives of Percomorphacea the origin of the first
epineural articulates with the neural arch of the first vertebra.
Chapter 3 described the early ontogenetic changes of the skeleton of
Porichthys notatus (Porichthyinae). These completely novel descriptions include
tables of sequence of ossification and appearance of cartilages.
Chapter 4 comprised a the phylogenetic analysis of the Batrachoidiformes
based on morphological characters. Previously used characters were modified
and new characters were proposed, resulting in a dataset of 191 morphological
characters. Among the primary results of this analysis is that Halophryninae is
not monophyletic, with Allenbatrachus, Batrachomoeus, and Halophryne being
more closely related to Porichthyinae, Thalassophryninae, and Batrachoidinae.
This new phylogenetic arrangement and its supporting synapomorphies are
discussed, including potential implications for the classification within this order.
xviii

Morphology and Systematics of Batrachoidiformes (Percomorphacea: Teleostei)

Chapter 1
The caudal skeleton of Batrachoidiformes (Percomorphacea: Teleostei): A study of
morphological diversity, intraspecific variation, and phylogenetic inferences.
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ABSTRACT
The caudal-fin skeleton is a primary data source for systematics of fishes, with
characters from this complex being proposed as synapomorphies at many taxonomic levels.
Batrachoidiformes is recognized as a monophyletic group, although intraordinal relationships
are unclear. Similarly, interrelationships of Batrachoidiformes to other percomorphs are not
well established. The caudal skeleton of Batrachoidiformes has not been thoroughly studied
and is poorly represented in recent phylogenetic analyses. This study examined the caudal-fin
skeleton of 55 of 82 species and 22 of 23 genera of Batrachoidiformes, emphasizing the
detection of intraspecific variation to recognize morphological characters with phylogenetic
significance. Intraspecific variation is high, especially in the shape of the epurals and the
parhypural flange. A dorsal pre-zygapophysis on the first ural centrum and the acute articular
edge of the parhypural flange are interpreted as putative synapomorphies of Porichthyinae.
The anterior epural supporting two procurrent fin rays is found only in some Halophryninae,
but absent in Allenbatrachus, Batrachomeus, Batrichthys and Halophryne. Among
Batrachoidiformes, a hypurapophysis-like process on the first ural centrum is found in
Thalassophryninae and Barchatus, Batrichthys, Bifax, Chatrabus, Colletteichthys,
Halobatrachus, Perulibatrachus and Riekertia. Caudal-fin ray counts are phylogenetically
informative at several taxonomic levels. Distal caudal cartilages are described for the first
time for Batrachoidiformes.
key-words: evolution, systematics, cleared-and-stained, CT-scan	
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INTRODUCTION
The caudal skeleton is the posteriormost portion of the post-cranial skeleton of fishes,
and supports the caudal fin. In Teleostei, this region undergoes a dramatic transformation
during ontogeny. The flexion of the notochord moves the ventral elements dorsally (i.e.,
hypurals and distal caudal cartilages), while at the same time constraining the development of
dorsal elements (i.e., epurals and uroneurals; Schultze & Arratia, 1989). This phenomenon
usually results in larger and more numerous ventral elements (i.e., hypurals) compared to
dorsal components. In basal teleosts, the first ural centrum in adults is usually considered to
represent a fusion of ural centra one and two, whereas the second ural centrum is considered
to be represented by ural centra three, four and five (although see discussion of so-called
phylogenetic fusion by Hilton, 2002). In several other orders of Teleostei (mostly those
within Percomorphacea), the ural centrum is a single compound element that is thought to
represent a fusion of the first preural centrum and ural centra one to five (Schultze & Arratia,
1989; Arratia & Schutze, 1992; Grünbaum & Cloutier, 2010; Bensimon-Brito et al., 2012;
Schultze & Arratia, 2013; Doosey & Domkey, 2014; Wiley et al., 2015). The unique
composition of this highly variable region of the skeleton, including various developmental
pathways (e.g., Britz & Johnson, 2005; Hilton & Johnson, 2007; Konstantinidis & Johnson,
2012), is one of the primary sources of phylogenetic information for the systematics of fishes.
Caudal characters have been interpreted as synapomorphies at many levels of phylogeny
(e.g., Gosline, 1961; Monod, 1968; Lundberg & Baskins, 1969; Schultze & Arratia, 1986;
Schultze & Arratia, 1988; Schultze & Arratia, 1989; Fujita, 1990; Johnson & Patterson, 1993;
Arratia, 1999, 2010, 2013, 2015, 2017; Hilton & Johnson, 2007; Britz & Johnson, 2012;
Konstantinidis & Johnson, 2012; Doosey & Wiley, 2015).
Batrachoidiformes is a group of benthic, coastal fishes that comprises 82 species in 23
genera, all in a single family, Batrachoididae (Greenfield et al., 2008; Greenfield, 2014).
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Although Batrachoidiformes are broadly recognized as a monophyletic group (Wiley &
Johnson, 2010; Nelson et al., 2016), the interrelationships among batrachoidiform genera and
species are not clear. For example, Greenfield et al. (2008) could not resolve the phylogenetic
relationships among the four recognized subfamilies (Batrachoidinae, Porichthyinae,
Halophryninae and Thalassophryninae). Molecular studies to date have not had sufficient
taxon sampling to address the interrelationships of the group (Rice & Bass, 2009).
Relationships of Batrachoidiformes to other orders of Acanthomorpha are also subject of
discussion. The inclusion of Batrachoidiformes in Paracanthopterygii (Rosen & Patterson,
1969; Lauder & Liem, 1983; Patterson & Rosen, 1989; Johnson & Patterson, 1993) has not
been supported in later morphological and molecular investigations, which rather suggest that
the order is nested in Percomorphacea (Gill, 1996; Miya et al., 2005; Smith & Wheeler,
2006; Betancur-R et al., 2013, 2017; Near et al., 2013; Nelson et al., 2016; Dasvene et al.,
2016). These studies, however, conflict in the relationship of Batrachoidiformes to other
orders of Percomorphacea. New character data, both morphological and molecular, are
needed to help resolve phylogenetic relationships at both intra- and inter-ordinal levels
(Datovo & Vari, 2013; Datovo et al., 2014; da Silva & Johnson, 2018).
Most previous studies addressed the caudal skeleton of Batrachoidiformes in interordinal levels (Rosen & Patterson, 1969; Patterson & Rosen, 1989), addressing the presence
of a distinct second ural centrum and the neural spine on the second preural centrum being as
long or longer than those in preceding vertebrae to infer relationships among other groups of
fishes. The most comprehensive intra-ordinal investigation was made by Greenfield et al.
(2008), which included a single species of each genus. In that study only a single character
from the caudal skeleton (i.e., shape of parhypural) was used and which has been shown to
vary intra-specifically (this study). As part of a new study of the morphology of
Batrachoidiformes, the skeleton of the caudal fin was investigated. Herein we provide new
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descriptions of the caudal skeleton based on a taxonomically broad sample of
Batrachoidiformes as a way of assessing intraspecific variation and recognizing putative
morphological characters that may have phylogenetic significance, both within
Batrachoidiformes and among percomorph fishes.

MATERIALS AND METHODS
Terminology for the elements of the caudal skeleton follows Arratia (2008) and
Schultze & Arratia (2013). Meristic data follow Fink & Weitzman Unless otherwise
specified, all body lengths reported are standard length (SL). Preserved specimens were
cleared and double stained following protocols adapted from Dingerkus & Uhler (1977) and
Taylor & van Dyke (1985), radiographed, and/or scanned by computed tomography (CT)
with a Bruker Skyscan 1173 at the Karel F. Liem Bioimaging Center at Friday Harbor
Laboratories (University of Washington) using two different settings: small specimens (up to
70 mm SL) were scanned at 60 KV, 110 µA and a voxel resolution of 35.7 µm; large
specimens (from 70 mm to 220 mm SL) were scanned at 65 KV, 110 µA and voxel
resolution of 71.4 µm.
Cleared and stained specimens were examined with binocular dissecting microscopes
and images were obtained using a Zeiss Axiocam camera attached to a Zeiss Discovery V20
stereomicroscope and rendered as Z-stacked images using AxioVision software to increase
depth of field. The CT images were reconstructed using NRecon Reconstruction and
converted into DICOM files using DICOM-Converter (both programs are available at
http://bruker-microct.com/products/downloads.htm). The final reconstructed images were
visualized using Horos 2.1.1 and Amira 5.0, and colored and/or contrast adjusted as
necessary using Adobe Photoshop CS6.
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Institutional abbreviations.
Institutional abbreviations that provided specimens for examination follow Sabaj
(2019).

Material Examined.
The specimens examined are listed in Appendix 1. From the 23 genera currently recognized
within Batrachoidiformes, we were unable to examine only one, Austrobatrachus. The
developmental series of Porichthys notatus was collected from Seal Rock Campground,
Brinnon, WA, USA. This series includes specimens ranging in size from 5 to 25 mm total
length.

RESULTS
General morphology of the caudal skeleton of Batrachoidiformes
The descriptions below are based on the common characteristics observed in all
examined species of Batrachoidiformes. The species Opsanus tau (Batrachoidinae; Fig. 2)
was used for illustrating the general morphology of the caudal skeleton of Batrachoidiformes.
Terminology for caudal-fin rays and skeletal elements in general follows that of Arratia
(2008) and Schultze & Arratia (3013), with the exception of numbering of hypurals, which
we number sequentially rather than presuppose hypotheses of homology to other groups of
teleosts (see Hilton et al., 2015).

Vertebral centra, neural and haemal arches. The ural region of Batrachoidiformes contains
two distinct ural centra. The anteriormost is a spool-shaped compound element that
comprises preural centrum 1 and a urostylar centrum (= compound first ural centrum; see
Schultze & Arratia, 1989). Although our developmental series does not demonstrate two
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individual centra even at early life stages, the compound nature of the element is inferred
because this centrum supports both the parhypural and ventral hypural, which are distinct in
early ontogenetic stages and fuse during development (Fig. 3). The dorsal margin of the first
ural centrum varies from straight to slightly concave. Neural and haemal prezygapophyses on
the first ural centrum are most often very small and hook-shaped, although the size and
presence of prezygapophysis is inter- and intra-specifically variable (e.g., present in
Porichthyinae; absent in other sub-families). There is no neural arch associated with the first
ural centrum of any batrachoid. The more posterior ural centrum (=second ural centrum) is
rectangular, angled posterodorsally, and distally fused to the dorsal hypural. Uroneurals were
not found in any specimen (Fig. 2).
Preural centrum 2 is spool-shaped and the associated neural and haemal arches are
fused to its dorsal and ventral surfaces, respectively. The neural arch bears an anteriorly
directed hook-like prezygapophysis. The haemal arch of preural centrum 2 may have a
similar prezygapophysis, although its presence and prominence varies inter- and intraspecifically. The neural and haemal spines of preural centrum 2 are elongate and 1.1 to 2.0
times the length of those on the more anterior vertebrae of the caudal region. There is a
foramen in the central region of the neural arch of the preural centrum 2 and more anterior
vertebrae. Two neural or haemal spines on preural centrum 2 were variably present in some
specimens of several species (e.g., Porichthys greenei and Daector dowi); plasticity in the
number of spines is a common feature in teleostean fishes (Witten & Hall, 2015). The neural
and haemal spines retain a cartilaginous core internally that can be seen through the bone of
cleared-and-stained specimens at the point where they fuse to the more proximal portions of
the neural arch-spine complex. There may be angular projections along the posterior margin
at the point of fusion.
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Distal caudal radial cartilages have been reported to be absent in Batrachoidiformes
(Fujita, 1989). However, the neural and haemal spines of preural centrum 2 have small postneural and post-haemal cartilages that are circular to elliptical, and that are clearly separated
from the spines in large specimens (e.g., Fig. 2C). An elliptical cartilage supporting the
ventral procurrent ray is positioned posteriorly to the post-haemal spine cartilage. This
cartilage is tentatively identified as a post-parhypural cartilage because of its position (i.e., it
appears serially homologous to the parhypural). This element stained clearly only in a few
specimens and supports ventral procurrent caudal-fin rays (this cartilage supports only one
ventral procurrent fin ray in Opsanus tau [Fig. 2C], but it supports two in Halobatrachus
didactylus and three in Chatrabus melanurus; see species descriptions). Histological
preparations are needed to further confirm the distribution of this cartilage among
Batrachoidiformes (e.g., Konstantinidis & Conway, 2010). Due to the highly modified
morphology of the parhypural, the homology of this element should be confirmed through
ontogenetic studies.

Parhypural and hypurals. The hypochordal elements of the caudal skeleton include the
parhypural and two hypurals. Distal caudal radial cartilages were not observed associated
with the hypurals. The dorsal hypural (=HY III+IV in Monod, 1968; = HY III in Greenfield
et al., 2008) is fused to the second ural centrum anteriorly. It is trapezoidal in shape, and is
angled slightly posterodorsally. This element supports the dorsal principal caudal-fin rays.
The parhypural and ventral hypural are fused to form the ventral bone that supports
the ventral principal caudal-fin rays as well as possibly some posterior procurrent rays. The
ventral hypural is trapezoidal and projects posteriorly from the posterior half of the first ural
centrum, to which it is fused. The margin of the ventral hypural extends posteroventrally
forming a ventral flange, named here the parhypural flange. The outline of this flange varies
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from straight to concave, but high inter- and intraspecific variation occurs among the
examined taxa (see descriptions below). In most Batrachoidiformes the parhypural flange has
a distinct extension, the articular edge, which is usually rectangular and contacts the posterior
margin of the haemal spine of the second preural centrum (Fig. 2)

Epurals. The epichordal elements of the caudal skeleton include two epurals positioned
posterior to the neural spine of the second preural centrum (the cleared-and-stained specimen
and CT-scanned specimens available for Porichthys pauciradiatus have a single epural). The
epurals are elongate, laterally compressed, angled posterodorsally and are slightly shorter
than the dorsal hypural (although there is variation in the relative size and angle of the
epurals in some taxa; see below). The outline of the epurals is highly variable, both inter- and
intra-specifically, ranging from straight to slightly convex or concave. The proximal tip of the
anterior epural is tightly associated with, or even in contact with, the base of neural spine of
the second preural centrum (exceptions were noted in small specimens of Opsanus tau,
Halobatrachus didactylus, Batrachomoeus trispinosus). The only dorsal caudal radials found
were circular post-epural cartilages associated with the anterior epural in one specimen of
Opsanus tau and Batrachoides pacifi.
The epurals support the dorsal unbranched principal and procurrent caudal-fin rays.
The anterior epural supports the first dorsal procurrent ray (and the second in some taxa of
Halophryninae). The posterior epural supports the second (or the third in some taxa of
Halophryninae) procurrent ray and also contacts distally the dorsal unbranched principal
caudal-fin ray (Fig. 2).

Caudal-fin rays. All caudal fin-rays, including all procurrent rays, are segmented (at least at
their distal tips). The principal caudal-fin rays range in number from 10 (I, 4, 4, I) to 17 (I, 8,
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7, I), with 1-4 dorsal and ventral procurrent rays (Tables 1–4). The principal fin rays are
supported by the hypurals. The dorsal procurrent rays are supported by the epural bones. The
posterior ventral procurrent rays are supported by the ventral hypural (usually the
posteriormost); the post-parhypural cartilage usually supports the anterior ventral procurrent
rays.
The innermost pair of principal caudal-fin rays, which delimit the diastema, have a
trapezoidal base. Projecting from the median margin of the ray-base, there is a triangular spur
that usually extends to the hypural diastema.

Development of the caudal skeleton of Porichthys notatus
Ontogenetic changes of the caudal skeleton of Porichthys notatus are described (Figs.
2, 3). Variations reported in this species were used as supportive information for proposing
fusion and or absence of skeletal elements in adult stages of the entire order (e.g., fusion of
the parhyural to the ventral hypural).
Notochordal flexion occurs between 5.3 and 6.0 mm TL. Early stages of dorsal and
ventral hypurals appear at 6.4 mm TL and grow continuously until reaching the adult shape.
No other hypurals were observed. Ossification of the dorsal hypural begins at 10.6 mm TL
(10 mm SL) and it gradually ossifies until 21.6 mm TL (18.6 mm SL), when it attains the
juvenile outline (Fig. 4I). Fusion of the dorsal hypural to the second ural centrum occurs
between 13.1 mm TL (11.8 mm SL) and 15.4 mm TL (14.3 mm SL; Figs. 4E, F).
The parhypural and ventral hypural have their origin in the same group of
chondroblasts (Fig 3B). A group of cells in the anterior region project anteroventrally to form
the parhypural arch. (Fig. 3C). Appearance of the early stages of the arch of the parhypural is
variable, between 6.4 and 6.8 mm TL. This variability might result from lack of control of
biotic and abiotic factors, such as quality of yolk and exposure to different range of
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temperatures during development (Wiley et al., 2015). Between 7.3 to 8.4 mm TL (no SL),
the parhypural (i.e., spine) becomes distinct and develops posteroventrally, outlining the
foramen from where the caudal vessels exit. At those stages, the base of the parhypural is
continuous with the ventral hypural by only a thin connection (Fig. 3F). By 8.7 mm TL (no
SL), the posteroventral end of the parhypural fuses with the anteroventral edge of the ventral
hypural, fully enclosing the foramen for the caudal blood vessels (Figs. 3E–H). Ossification
of the ventral hypural starts at 10.8 mm TL (10 mm SL; Fig. 4A), whereas ossification of the
parhypural was first observed at 12.9 mm TL (11.9 mm SL; Fig. 4D). The parhypural and
ventral hypural gradually ossify during development, fusing posteriorly between 12.9 mm TL
and 13.1 mm TL. The compound parhypural and ventral hypural was first observed being
fused to the first ural centrum at 15.4 mm TL (14.3 mm SL).
Epurals were not observed until 8.4 mm TL (no SL) with the cartilaginous precursor
of the posterior epural developing first. The cartilaginous precursor of the anterior epural
appears later at 8.7 mm TL (no SL; Fig. 3G). The cartilaginous precursors of epurals are
irregularly shaped, but this might be result of preservation. The epurals are the last ural
elements to ossify (at 15.8 mm TL [14.3 mm SL]), becoming totally ossified at 21.6 mm TL
(18.6 mm SL). Procurrent fin rays were first observed at 10.8 mm TL (10.0 mm SL; Fig. 4A),
with the second dorsal procurrent ray articulating with the posterior epural. The anteriormost
dorsal procurrent ray was first observed at 12.5 mm TL (11.5 mm SL; Fig. 4E); at this stage
this fin ray articulates with the anterior epural, as in other Batrachoidiformes. At later stages
(15.4 mm TL; 14.3 mm SL; Fig 4F), the epural elements are bent at a sharper angle
(approximately 40°), as observed in adults. From 15.4 mm TL to 21.6 mm TL (Figs. 4F–I),
the anteriormost dorsal procurrent ray gradually migrates posteriorly, from articulating with
the anterior epural to being supported by the posterior epural.
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The autocentra of the first and second ural vertebrae start ossifying at 10.2 mm TL
(9.7 mm SL; Fig. 3I), acquiring the juvenile outline between 12.5 to 12.9 mm TL (Figs.
4D,E). The arcocentrum of the second preural centrum can be distinguished between 7.3 and
7.8 mm TL (no SL; Fig. 3E). The ventral arcocentrum is the first element of the arcocentrum
to develop. At 8.7 mm TL (no SL), the neural spine of the second preural centrum develops
and the early stages of the dorsal arcocentrum are distinguishable (Fig. 3G). At 9.7 mm TL
(no SL), both the dorsal and ventral arcocentra of the second preural centrum are ossified,
although the neural and haemal spines remain cartilaginous (Fig. 3I). Ossification of centrum
of the second pre-ural vertebra occurs from 11.4 mm TL (10.6 mm SL) to 12.5 mm TL (11.5
mm SL; Figs. 4B–E). Ossification of the neural and haemal spines of the second pre-ural
centrum starts at 15.8 mm TL (14.3 mm SL; Fig. 4G), attaining the juvenile outline when
larvae become free swimming, event that happens around 26 mm TL (24 mm SL).

Diversity of the caudal skeleton in Batrachoidiformes
In this section, a description of the caudal skeleton of each subfamily is provided,
focused on characteristics common to all included taxa. This is followed by descriptions of
characteristics of each genus and/or species; taxa in which the morphology of the caudal
skeleton did not deviate from the generalized form as described for the subfamily (e.g.,
Potamobatrachus and Riekertia) or for which specimens were unavailable for study
(Austrobatrachus) are not described individually.

Batrachoidinae. (Figs. 2, 5–10; Tab. 1).
This subfamily contains six genera and 23 species. In this study, all genera and 20
batrachoidine species were examined.
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The length of the second preural centrum and first ural centrum varies from 1.0 to 1.2
times vertebral depth in most taxa. The length of the second ural centrum varies from 0.5 to
0.66 the length of the first ural centrum. The dorsal prezygapophyses on the neural arch of
the second preural centrum are mostly angular and hook-like in shape. The ventral
prezygapophysis on the second preural centrum is very reduced but present in most taxa,
although it can be intraspecifically absent (e.g., Vladichthys gloverensis: present in USNM
267789, 19.2 mm SL; absent in USNM 219816, 52 mm SL; see Fig. 5). The first ural
centrum does not bear any zygapophysis. Neural and haemal spines of the second preural
centrum are elongate (1.3–1.8 times longer than the more anterior preural caudal vertebrae).
Two neural spines on the second preural centrum were observed in one specimen of
Batrachoides manglae (USNM 226605, 20.4 mm SL; Fig. 6E), Batrachoides boulengeri
(USNM 220127, 101.1 mm SL) and Opsanus tau (VIMS 34781, 27.7 mm SL; Fig. 9B), with
the latter specimen also having two haemal spines on the second preural centrum.
The epurals are simple, elongate, rod-like elements that may vary in having a slightly
concave to slightly convex outline; some may have a sigmoid outline in some specimens
(Opsanus tau, VIMS 34763, 32.4 mm SL; Fig 2B). The width of the epurals is similar to that
of the neural spine of the second preural centrum, and the anterior epural is usually slightly
longer than the posterior. Most taxa examined do not have flanges or other kind of
projections from the epural bones, with exception of Batrachoides liberiensis, one specimen
of Opsanus pardus (UF 153830, 52.1 mm SL; not observed in other specimens of O. pardus),
and one specimen of Vladichthys gloverensis (USNM 218916, 52.0 mm SL; not observed in
other specimens of Vladichthys). Two specimens of Batrachoides pacifici (UF 227127, 61.6
mm SL [Fig. 6B] and 54.3 mm SL), one specimen of Opsanus tau (VIMS 34784, 57.1 mm
SL, Fig 9D), and the only examined specimen of B. boulengeri (USNM 220127, 101.1 mm
SL) have the epurals partially fused at their bases. One small and circular post-epural
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cartilage of the anterior epural was observed in Opsanus tau (VIMS 34784, 57.1 mm SL) and
Batrachoides pacifici (USNM 144886, 46.8 mm SL).
The hypurals are triangular, and slightly longer than the anterior epural. The dorsal
hypural supports six to seven principal caudal-fin rays whereas the ventral hypural articulates
with seven to eight caudal-fin rays (seven principal and one ventral procurrent fin-rays; Table
1). Two dorsal and one to three ventral procurrent caudal-fin rays are present. The
anteriormost dorsal procurrent ray is supported by the anterior epural and the second dorsal
procurrent ray is supported by the posterior epural. Support for the ventral procurrent rays is
provided by the distal caudal radial cartilage of the parhypural (not visible in most of the
specimens, but it is clearly visible in one specimen of O. tau, VIMS 34782, Fig. 2C). The
parhypural flange has a straight to concave margin, and extends to the posterior portion of
ventral parhypural. The articular edge of the parhypural flange forms a straight surface of
articulation with the haemal spine of the second preural centrum (except in the smallest
specimen of Batrachoides manglae [Fig. 6E] and one specimen of B. goldmani [Fig. 7A]). A
single small spine protrudes from the anterior portion of the articular suface (except in
Sanopus barbatus and Vladichthys gloverensis). A second spine, adjacent to the anterior
spine, is intraspecifically present in Batrachoides pacifici, B. waltersi, and Opsanus tau.

Amphichthys. The margin of the parhypural flange is convex (USNM 144888, approx. 50 mm
SL) to slightly convex (USNM 226515, 126.7 mm SL; Fig. 5A). The most common principal
caudal-fin ray formula is I, 6, 6, I. One specimen (USNM 226515, 151.46 mm SL) has six
dorsal principal fin rays (formula I, 5, 6, I). Although the typical total counts are maintained,
this specimen has three dorsal procurrent caudal-fin rays, as opposed to two procurrent rays
found in other specimens of Amphichthys. This suggests that in this specimen the dorsalmost
principal fin ray failed to branch during development (Fig. 5A; Table 1).
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Batrachoides. No unique caudal-fin characteristics were found in Batrachoides. Most of the
observed variation reported in Batrachoidinae was intraspecific (Figs. 5B, 6, 7).
The parhypural flange is highly variable in Batrachoides. The degree of concavity
varies individually and does not reflect ontogenetic stage (e.g., as observed in Opsanus tau;
see descriptions below). A deeply concave paryhypural flange was found both in small (B.
waltersi 47.8 mm SL; B. pacifici 36.1 mm SL) and large specimens (B. pacifici 73.5 mm; B.
boulengeri 101.1 mm SL; B. liberiensis 105.9 mm SL). Likewise, a shallowly concave or
even straight flange was also observed in a wide variety of sizes (e.g., B. waltersi, USNM
367548, 60.2 mm SL, Fig 5B; B. surinamensis, UF 23108, 113.2 mm SL). Batrachoides
pacifici is the only species of the genus examined in which all specimens have a moderately
to deeply concave parhypural margins (size ranging from 36 to 73 mm SL, Figs. 6A, B).
In Batrachoides gilberti and B. manglae, the smallest specimens examined have a
straight parhypural flange (B. gilberti UF 12013, 28.8 mm SL; B. manglae USNM 226605,
20.4 mm SL), whereas the largest specimens have deep concave flanges (B. gilberti FMNH
85549, 73.0 mm SL, 80.8 mm SL; B. manglae USNM 226605, 67.4 mm SL). We were
unable to prepare additional specimens to confirm whether these differences are related to
ontogeny or represent individual variation, as reported in other species.
Batrachoides goldmani is distinct from all other Batrachoidinae by possessing a
greatly reduced parhypural flange that does not extend beyond the vertical line that crosses
the posterior surface of the first ural centrum (Fig. 7A, B). The shape of the flange varies
from straight (USNM 219383, 72.6 mm SL) to deeply concave (USNM 219383, 116.0 mm
SL). The articular edge of the parhypural flange of one specimen (USNM 219383, 72.6 mm
SL) bears two inconspicuous spikes. The latter specimen (72.6 mm SL) has the proximal half
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of the anterior epural fused to the neural spine of the second preural centrum (specimen 116.0
mm SL has distinct neural spine of the second neural spine and anterior epural).
Batrachoides liberiensis is unique within Batrachoides by having a triangular dorsal
flange on the proximal tip of the anterior epural (Figs. 7C, D). This flange contacts the
posterior surface of the neural spine of the second preural centrum. One specimen (USNM
219393, 90.2 mm SL) has both procurrent fin rays supported by the posterior epural.
However, this appears to be an individual variation, as other specimens of similar ontogenetic
stage (USNM 219393, 105.9 mm SL, 116.0 mm SL) have the condition observed throughout
Batrachoidinae, in which each epural supports one procurrent caudal-fin ray. Also uniquely
observed in USNM 219393 (90.2 mm SL) is the condition of having a posterodorsal hooklike process on the anterior margin of the neural arch of the second preural centrum.

Opsanus. No characters of the caudal skeleton were found to be unique for any species of
Opsanus. The morphological variations found among different species of Opsanus were
considered to be intraspecific.
The epurals of Opsanus are rod-like and can have a convex, straight, concave, or
sigmoid outline. Specimens of Opsanus have two dorsal procurrent caudal-fin rays. Only one
specimen of O. pardus (UF 153830, 52.1 mm SL; Fig. 5C) and one specimen of O. beta (UF
153948, 60.1 mm SL) have an additional small, unsegmented procurrent fin ray supported by
the anterior epural. One specimen of Opsanus tau (VIMS 34784, 57.1 mm SL, Fig. 9D) has
the anterior tips of the epurals partially fused. One specimen of O. pardus (UF 153830, 52.1
mm SL) has small triangular projections rising from the anterior tips of both epurals.
The articular edge of the parhypural flange in Opsanus is rectangular, and its margin
varies from straight to rounded, and may bear one or two diminutive spurs. In Opsanus tau
the articular edge widens during ontogeny, being acute in small specimens (e.g., VIMS
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34755, 24.0 mm SL) and broadening in large individuals (Fig. 9). The shape of the
parhypural flange is highly variable in Opsanus. The parhypural margin in O. pardus and O.
beta is deeply concave in all specimens (Fig. 8), whereas in O. tau the concavity apparently
increases with the size of the specimen. The smallest specimens examined (VIMS 34755,
24.0 mm SL; VIMS 34781, 27.7 mm SL) have straight parhypural flanges, whereas in the
largest specimens (VIMS 34784, 57.1 mm SL; VIMS 34789, 95.0 mm SL; VIMS 34788,
106.0 mm SL) the parhypural flanges are deeply concave, with specimens between 28 and 47
mm SL having intermediate degrees of concavity (Fig. 9).
In one specimen of Opsanus beta the distal component of the neural spine of the
second preural centrum is separated (UF 89642, 38.12 mm SL; Fig. 8C). This is regarded as
an intraspecific variation based on the regular arrangement found in the other specimens of
O. beta.

Sanopus. The caudal-fin formula of Sanopus is that of Batrachoidinae generally (I, 6, 6, I),
although the observed variation in the number of dorsal procurrent fin rays among Sanopus
spp is remarkable (Fig. 10). Sanopus astrifer (USNM 209720, 246.2 mm SL) has three dorsal
procurrent fin rays; the anterior epural supports the first procurrent ray whereas the second
and third procurrent rays are both supported by the posterior epural. Sanopus reticulatus have
a single dorsal procurrent fin ray that is supported by the anterior epural. The number of
dorsal procurrent fin rays is intraspecifically variable in Sanopus barbatus. Specimen USNM
211322 has a single dorsal procurrent fin ray, which is supported by the posterior epural, in a
similar condition to that found in Thalassophryne and in the sub-family Porichthyinae. Other
specimens of this species that were examined (e.g., MCZ 44550, 36.0 mm SL) have two
dorsal procurrent fin rays, the anterior of which is supported by the anterior epural and the
posterior by the posterior epural.
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The shape of parhypural flange changes ontogenetically in Sanopus, similar to the
condition described for Opsanus. The parhypural flange in the smallest specimen of S.
barbatus (MCZ 44549, 27.5 mm SL) is slightly concave and has an angular and narrow
articular edge. Conversely, larger specimens of S. barbatus (USNM 211322, 238.0 mm SL)
and S. reticulatus (UF 112976, 203.6 mm SL) have deeply concave parhypural flanges with a
wide anterior edge that articulates with the haemal spine of the second preural centrum.

Vladichthys. This species is distinct from all other batrachoids by possessing a long articular
edge of the parhypural flange that extends from one-third (USNM 218916, 60.4 mm SL) to
one-half (USNM 267789, 19.2 mm SL) of the length of the compound ventral hypural. One
specimen (FMNH 104587, 39.4 mm SL) has a spike-like projection protruding from the midpoint of the anterior edge (Figs. 5E, F).
The epurals are simple, rod-like elements in most of the specimens examined. USNM
218916 (52.0 mm SL) has an anterior triangular flange in the base of the anterior epural,
which is tightly connected to the posterior margin of the neural spine of the second preural
centrum. In most specimens both epurals support procurrent caudal-fin rays. This condition
was not found in USNM 267789 (19.2 mm SL), which has only the posterior epural
supporting fin rays. Because this specimen has only one dorsal procurrent ray (other
specimens have two), we assume that this specimen lost the first procurrent ray. This differs
from the condition found in Porichthyinae and Thalassophryne, which may have two dorsal
procurrent rays neither of which are supported by the anterior epural (see below).

Porichthyinae (Figs. 11–14; Tab. 2).
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Porichthyinae currently has two genera, Aphos and Porichthys, and both were
examined here. Aphos is monotypic. Porichthys contains fourteen species, seven of which
were included in this study.
The second preural centrum and first ural centrum are relatively elongate in
Porichthyinae; the length of the centra ranging from 1.3 to 1.5 times its depth, whereas the
length of the second ural centrum is approximately two-thirds that of the first ural centrum.
There is a dorsal pre-zygaphophysis on the neural spine of the second preural centrum that is
prominent and contacts the neural spine of the preceding vertebra in all Porichthyinae; the
size of the ventral prezygapophysis on the haemal spine of the second preural centrum is
variable in the subfamily (absent in P. greenei [UF 226105, 60.7 mm SL], P. porosissimus
[MZUSP 45398, 40.0 mm SL] and P. margaritatus [USNM 101730, 19.3 mm SL]).
Although absent in most Porichthyinae, a ventral post-zygapophysis on the second preural
centrum was found in two specimens of P. notatus (VIMS 38017, 84.0 mm SL and VIMS
38018, 84.8 mm SL), one specimen of P. plectrodon (USNM 302134, 75.5 mm SL), one
specimen of P. margaritatus (UF 226009, 70.2 mm SL), and most specimens of Aphos
porosus; in all of these individuals the post-zygapophysis is substantially smaller than the
prezygapophysis. Although the occurrence of a ventral post-zygapophysis on the second
preural centrum varies individually, members of Porichthyinae were the only taxa of
Batrachoidiformes to have this process (Figs. 11A, C).
A dorsal prezygapophysis on the first ural centrum is present in most representatives
of Porichthyinae, although its prominence varies both intraspecifically and ontogenetically
(absent only in two specimens of P. porosissimus [MZUSP 45398, 40.0 and 34.5 mm SL];
and a single specimen of P. pauciradiatus [UF 226549, 44.6 mm SL]; for an example of
ontogenetic variation, see Fig. 13). A ventral prezygapophysis on the first ural centrum is
present in most examined specimens of A. porosus, P. notatus, P. margaritatus and the P.
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porosissimus/plectrodon species complex. Neural and haemal spines of the second preural
centrum are elongate and are 1.1 to 2 times longer than the spines of more anterior preural
vertebrae. Two specimens of P. notatus (VIMS 38017, 84.0 mm SL, FMNH 122401, 120.2
mm SL) have a small, circular post-haemal cartilage of the second preural vertebra (Fig.
11A).
Each hypural supports five to six principal caudal-fin rays, with the ventral hypural
usually supporting one ventral procurrent caudal-fin ray (although the support for the ventral
procurrent ray varies intraspecifically; see Table 2). One or two dorsal procurrent rays are
present. Two dorsal procurrent rays, both supported by the posterior epural, is the most
common condition. One specimen of P. greenei (UF 220105, 60.71 mm SL) does not have
any procurrent rays. The single ventral procurrent caudal-fin ray is either supported by the
ventral hypural or the distal caudal radial cartilage of parhypural.
The margin of the parhypural flange varies from deeply to slightly concave, although
it is almost straight in some specimens (P. bathoiketes UF 228539, 73.5 mm SL). The
articular edge of the parhypural flange projects anteroventrally, forming an acute stay that
articulates with the haemal spine of the second preural centrum. A distinct triangular spine
projects from the tip of the acute stay of the parhypural flage in most examined specimens
(Figs. 11–14). In Porichthys the entire margin of parhypural has spine-like projections.
The epurals of Porichthyinae lie at a narrow angle (< 40°) relative to the longitudinal
axis. The outline of the epurals varies from slightly convex (P. porosissimus VIMS 1132,
55.7 mm SL) to curved (P. porosissimus/plectrodon USNM 302134, 56.1 mm SL), although
there is substantial individual variation in some species (see accounts for species of
Porichthys below).
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Aphos. The epurals of A. porosus are markedly curved posteriorly, with a similar outline as
that of most species of Porichthys (e.g., P. notatus; see specific accounts for further details);
the posterior epural supports both the first and second procurrent fin rays. One specimen
(USNM 309739, 152.3 mm SL) has a long anterior epural that supports the first procurrent
caudal-fin ray (Fig 11F); the anterior epural supporting a procurrent fin rays was not
observed in other members of Porichthyinae.
A ventral prezygapophysis on the first ural centrum of A. porosus is present in some
specimens (e.g., USNM 309738, 77.5 mm SL, 89.4 mm SL and 98.6 mm SL) but absent in
others (USNM 309738, 152.3 mm SL; USNM 305505, 151.4 mm SL). Most specimens have
a small ventral post-zygapophysis on the haemal arch of the second preural centrum.

Porichthys. All species of Porichthys bear spine-like projections on the margin of the
parhypural flange. Although the number, orientation, and prominence of the spines are both
inter- and intra-specifically variable, all examined specimens of Porichthys have one or more
spines projecting from the margin of the parhypural flange, in addition to the spine in the
articular edge (Figs. 11–14).

Porichthys bathoiketes. The epurals vary intraspecifically in P. bathoiketes. In the paratype
(UF 12965, 93.8 mm SL) the posterior epural has its anterior tip contacting the mid-point of
the anterior epural. This displacement of the posterior epural shifts the first procurrent fin ray
away from the anterior epural. In UF 228539 (73.5 mm SL) the epural bones are similar to
those observed in most species of Porichthys; i.e., the epurals are parallel to each other and
the anterior epural contacts the first procurrent ray (Fig. 11B). The epurals of this specimen
have sharply tapered anterior tips that curve slightly to become parallel to the body axis, and
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is reminiscent of the condition found in P. cf. plectrodon (see below); posteriorly, the epurals
are convex. In the paratype (UF 12965), anterior tips of the epurals are blunt.

Porichthys greenei. In P. greenei the distal tip of the anterior epural contacts the anterior
margin of the posterior epural instead of extending posteriorly to contact the bases of the
procurrent caudal-fin rays, as observed in all other species of Porichthys (Fig. 12). Porichthys
greenei has extensions on the proximal region of the epurals that vary from a digitiform
projection from the anterior tip (UF 226105, 60.7 mm SL) to a wide trapezoidal flange that
extends most of the length of the epural (UF 226105, 44.0 mm SL). The triangular flanges on
the posterior epural are typically smaller than those on the anterior epural and are restricted to
its proximal edge. A flange is absent on the posterior epural in UF 226105 (60.7 mm SL, 50.7
mm SL).
Porichthys greenei is unique among Batrachoidiformes by having reduced counts of
caudal-fin rays, with 10 principal caudal-fin rays (I, 4, 4, I) and a single ventral and dorsal
procurrent caudal-fin ray. The only exception is UF 2260105 (60.7 mm SL), which has no
dorsal procurrent rays, but does have six dorsal principal caudal-rays; this may have been the
result of damage and regeneration of the first dorsal principal ray.
The parhypural flange is concave in P. greenei but presents remarkable variation in
number, shape, and prominence of spines (Fig. 12). As in all species of Porichthyinae, there
is a distinct spine in the articular edge of parhypural (albeit weakly developed in UF 226105,
60.7 mm SL). Two specimens (UF 226105, 56.2 mm SL, 44.0 mm SL) have two additional
prominent spines in the center of the margin of the parhypural flange that are two times
longer than the spine at the articular edge of the parhypural flange. In contrast, specimen UF
226105 (37.1 mm SL) has a single medial spine; and UF 220105 (60.7 mm SL, 50.7 mm SL)
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has no other spines in the parhypural flange, although they have weak indentations in the
posterior region of the flange.
The structure of the neural spine of the second preural centrum is intraspecifically
variable in P. greenei. A full neural spine of the second preural centrum, including an
elongate rod-like distal portion with a cartilaginous core, is present in some specimens (UF
226105, 50.7 mm SL, 37.1 mm SL; Figs. 12A, B), whereas the distal portion is lacking in
others (UF 226105, 60.7 mm SL, 56.2 mm SL; Figs. 12C, D). One specimen (UF 226105,
44.0 mm SL) has a distinct distal component although it is reduced and does not extend
beyond the distal tip of the proximal component of the neural spine of the second preural
centrum. Some specimens (UF 2206105, 50.7 mm SL, 37.1 mm SL) have two neural spines
on the second preural centrum; the larger specimen also has two haemal spines on the second
preural centrum. As in other taxa, this individual plasticity is likely a response to
malformation of vertebral bodies during development (Witten & Hall, 2015).

Porichthys margaritatus. The parhypural flange is straight to slightly concave in this species.
The only exceptions observed were in one specimen (UF 226009, 70.3 mm SL) that has a
sharp indentation at approximately the mid-point of the flange, and in another (USNM
101730, 33.40 mm SL) that bears two anterior bulges, both of which are slightly smaller than
the spine on the articular edge.
Spines on the parhypural flange, as observed in all other species of Porichthys, were
found only in the largest specimen examined (UF 226009, 99.2 mm SL; Fig. 11C), which has
a small triangular anterior spine in the anterior region of the flange. All other specimens have
only a distinct spine on the articular edge of the parhypural flange (Fig. 13). Larger
specimens could not be examined to determine if this variation is due to ontogenetic or
individual variation.
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The epurals in most specimens of P. margaritatus are simple rod-shaped elements
that lack flanges or other outgrowths. In three specimens, however, a short trapezoidal flange
projects from the anterior extremity of the anterior epural (UF 226009, 89.4 mm SL, 78.8 mm
SL, 70.3 mm SL).
The prominence of the dorsal prezygapophysis on the first ural centrum is highly
variable, ranging from highly developed and contacting the base of the neural arches of the
second preural centrum (UF 226009, 99.2 mm SL) to weakly developed (USNM 101730,
19.3 mm SL). This is likely reflective of ontogenetic variation, as smaller specimens typically
have reduced or even absent dorsal prezygapophyses (UNSM 101730, 19.3 mm SL, 27.9 mm
SL), whereas in the two largest specimens examined (UF 226009, 99.2 mm SL, 89.4 mm SL)
these processes are well developed (Fig. 13). The smallest specimen to have a prominent
dorsal prezygapophysis is 33.4 mm SL (USNM 101730). The specimen UF 226009 (70.2
mm SL) has a relatively small ventral post-zygapophysis on the haemal arch of the second
preural centrum (about half the depth of dorsal prezygapophysis on the first ural centrum).
Another variation observed in this species concerns having two neural spines on the second
preural centrum (USNM 101730, 39.2 mm SL; UF 226009 (89.4 and 70.2 mm SL), with the
latter specimen also having two haemal spines.

Porichthys notatus. In this species, the dorsal prezygapophysis of the first ural centrum is
prominent and contacts the base of the neural spine of the second preural centrum in all
examined specimens. The margin of parhypural flange varies from straight to concave
(USNM 104503, 98.3 mm SL, FMNH 122401, 120.2 mm SL, respectively). The spines on
the parhypural flange are less prominent in P. notatus than in other members of the genus.
Although all specimens have a distinct spine on the articular edge of the parhypural flange,
only USNM 104530 (98.2 mm SL) has a distinct spine in the anterior quarter of parhypural
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flange. Specimens USNM 104530 (98.3 mm SL) and VIMS 38017 (84.0 mm SL) were found
with a short indentation on the anterior part of the flange (Fig. 11A). FMNH 122401 has a
continuous margin of the parhypural flange, without any spine or indentation, except for the
one on the articular edge.
Other intraspecific variations include the presence of a post-zygapophysis on the
second preural centrum and the occurrence of distal caudal cartilages. Two specimens (VIMS
38017, 84.0 mm SL) and (USNM 104503, 98.2 mm SL) have weakly developed ventral
postzygapophyses on the haemal arch of the second preural centrum, which are
approximately half of the depth of the ventral prezygapophysis on the first ural centrum.
Thus, specimen VIMS 38107 was the only specimen of Batrachoidiformes to have a dorsal
post-zygapophysis on the second preural centrum (Fig. 11A); this process is small, with its
length only about one-third that of the dorsal prezygapophysis on the first ural centrum.
Specimens FMNH 122401 (120.2 mm SL) and VIMS 38017 (84.0 mm SL) have a small,
circular post-haemal distal cartilage of the second preural centrum; no other specimen of this
species examined has this element.

Porichthys pauciradiatus. This species is unique among Batrachoidiformes in having a single
epural bone (Fig. 11E). This condition was observed in both examined specimens, and is
otherwise found only in other groups of fishes, such as in Gobiidae (Fig. 31A),
Callionymidae (Fig. 31D), Achiridae (Fig. 32C), Lophiiformes (Monod, 1968) and
Gobiesocidae (Konstantinidis & Conway, 2010), among others. The epural is elongate and
has an enlarged anterior base (approximately four times wider than its posterior tip), which
bears anterior and posterior flanges. The anterior flange is trapezoidal and has an irregular
margin and an anterior digitiform projection. The posterior flange is thinner than the anterior
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one and has a semi-elliptical outline. An elliptical foramen is present on the base of the
epural.
The cleared and stained specimen examined (UF 226549, 44.6 mm SL) has no dorsal
prezygapophysis on the first ural centrum, but the specimen examined with CT (UF 226549,
50.24 mm SL) has a dorsal prezygapophysis. We could not determine whether this is an
ontogenetic (as observed in P. margaritatus) or individual variation. However, we note here
that although the female specimen that lacks the process is relatively small (44.6 mm SL), it
has reached or is close to maturity, as it already has developed ovaries with large oocytes. In
all other species of Porichthys, specimens at this length already have distinct dorsal
prezygapophysis.

Porichthys porosissimus/plectrodon species complex. In this study we did not distinguish
species P. plectrodon and P. porosissimus. Gilbert & Kelso (1971) proposed that P.
porosissimus has a restricted distribution in Southern Brazil and Uruguay, whereas P.
plectrodon is distributed from coastal areas of Central Brazil to the Mid-Atlantic Bight of the
east coast of North America. The examined material to date include specimens from both
geographic regions, but the morphological characters proposed by Gilbert & Kelso (1971) to
differentiate these species (gill raker counts and otolith shape) were not observed in
specimens from both geographic regions. To avoid misleading inferences regarding the
variation observed, we are describing the caudal skeleton of these species as a single species
complex.
The specimens of the P. porosissimus/plectrodon species complex examined have a
pair of spines on the articular edge of the parhypural flange, which is in contrast to the single
spine observed in all other representatives of Porichthyinae. However, this condition may
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reflect a plesiomorphic character, as two small spines in the articular edge of the parhypural
flange were observed among the species of Batrachoidinae and Thalassophryinae.
Dorsal prezygapophyses on the first ural centrum were found in all specimens larger
than 48 mm SL. A single specimen of the P. porississimus/plectrodon complex was found
having a small ventral prezygapophysis on the first ural centrum (MZUSP 45398, 35.0 mm
SL). The occurrence of this ventral process is, however, considered to be an intraspecific
variation because all other examined specimens lack ventral prezygapophyses.
The epural bones are simple, varying from slightly convex to concave. The anterior
tip of the anterior epural in MCZ 170729 (150.8 mm SL) is curved and contacts the neural
spine of the second preural centrum. The anterior epural has a flange in the proximal edge of
variable prominence: it is distinct and trapezoidal in one specimen (VIMS 1132, 55.7 mm
SL; Fig. 11D), but slender in another (VIMS 1132, 81.6 mm SL). The epurals of MZUSP
45398 (40.0 mm SL) have angular extensions projecting from the anterior tip of both bones.
The parhypural flange has two conspicuous spines at the mid-point region, which are
highly protruded in VIMS 1132 (55.71 mm SL, Fig. 11D). Specimens from the North
Atlantic (e.g.,VIMS 1132) bear an additional spine on the anterior portion of the paryhypural
flange (Fig. 11D). MZUSP 45398 (40.0 mm SL) has only a pair of spines at the articular edge
of the parhypural flange, but lacks spines on posterior region of the margin. The dorsal
prezygapophysis of the first ural centrum is small and does not reach the origin of the neural
arches of the second preural centrum. As in P. margaritatus, the prominence of dorsal
prezygapophyses likely reflects ontogenetic variation: the largest dorsal prezygapophysis was
observed in the largest specimen (VIMS 1132, 81.6 mm SL) whereas the dorsal
prezygapophysis is absent in the smallest specimen examined (MZUSP 45398, 34.5 mm SL).
Other intraspecific variations observed include two neural spines on the second
preural centrum (MZUSP 45398, 34.5 mm SL) and a marked hook-like process projecting

	
  

28	
  

from the posterior margin of haemal spine of the second preural centrum (VIMS 1132, 81.6
mm SL).

Porichthys cf. plectrodon. The six specimens examined in the lot USNM 302134, which were
collected from the northeastern coast of Brazil, have similar gill raker counts and otolith
shape to specimens from the northern Atlantic, therefore do not allow confident identification
between Porichthys porosissimus and P. plectrodon, following the criteria proposed by
Gilbert & Kelson (1971). However, all examined specimens of USNM 302134 were
consistently found to have a distinctive hockey-stick shaped posterior epural; this shape was
not found in any other species of Batrachoidiformes (Fig. 11). Given the consistent
dissimilarity between the shape of the epurals of the specimens of this lot and of the other
specimens of the P. porosissimus/plectrodon complex, we describe the morphology of these
specimens separately. Based on locality we suggest that these may represent P. plectrodon,
although a full taxonomic revision of this species complex is warranted.
The posterior epural is convex posteriorly (most prominent in two specimens: 48.7
mm SL, 56.1 mm SL), but the proximal region curves anteriorly, resulting in a posterior
epural with a hockey-stick shape. The base of the posterior epural is more gently curved in a
53.5 mm SL (Fig. 14B) specimen than in other specimens, but the curvature is greater than
that observed in P. bathoiketes (UF 228539, Fig 11B); all other species of Porichthys have
straight posterior epurals. The shape of the anterior epural varies from convex to concave,
with an anterior flange extending through the proximal region and a digitiform outgrowth at
the proximal tip (this latter projection absent in the 53.5 mm SL specimen).
The parhypural flange of specimens from this lot has a regular sinuous outline, with a
proximal angular projection that bears a spine, followed posteriorly by a shallow concavity
(Fig. 11). The 56.1 mm SL specimen has a sharp indentation on the posterior third of the
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flange. Specimens of the Porichthys porosissimus/plectrodon complex typically have a pair
of spines in the articular edge of the parhypural flange, but a 48.7 mm SL specimen from this
lot has an additional spine projecting proximally from the pair of spines on the anterior edge.
Two larger specimens (77.1 mm SL and 56.1 mm SL) have another spine between the
anterior edge and the proximal projection.
Dorsal prezygapophyses on the first ural centrum were observed in all examined
specimens of USNM 302134 (n=6). As in P. margaritatus, the prominence of this process
increases during ontogeny. The smallest examined specimen (48.7 mm SL) bears weakly
developed dorsal prezygapophyses, whereas these processes are greatly developed and
contact the base of the neural spine in larger specimens (56.1 mm SL, 77.7 mm SL). Two
specimens (53.5 mm SL, 75.5 mm SL) were found to have a small ventral prezygapophysis
on the first ural centrum, the length of which is approximately half that of the dorsal
prezygapophysis. The 75.5 mm SL specimen has a small ventral post-zygapophysis on the
second preural centrum, similar to the size of the ventral prezygapophysis of the first ural
centrum. The posterior margin of the haemal spine of the 56.1 mm SL and 53.5 mm SL
specimens has hook-like projections, which in the smaller specimen contacts the articular
edge of the parhypural flange. Other variation includes two-neural spines on the second
preural centrum on the 77.7 mm SL specimen.

Thalassophryninae (Figs. 15–18; Tab. 3).
Thalassophryninae has two genera and both were examined in this study. Daector
contains four species, with two of them examined in this study. Thalassophryne has six
species, three of which were examined in this analysis.
The first ural and and second preural centra are slightly elongated, with the length of
the centrum approximately equal to its depth in Thalassophryne, but 1.3 longer in Daector.
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The length of the second ural centrum is roughly two-thirds that of the first ural centrum.
Neither dorsal nor ventral zygapophyses are present in the ural centra of any specimen of
Thalassophryninae. The second preural centrum bears a blunt or hook-like dorsal
prezygapophysis that contacts the base of the neural arch of the preceding vertebrae. The
neural and haemal spines of the second preural centrum are 1.3 to 2 times longer than the
more anterior spines on the caudal vertebrae.
The dorsal hypural supports five to six principal caudal-fin rays, whereas the ventral
hypural supports six to seven caudal-fin rays (six principals and one procurrent). Two dorsal
and one or two ventral procurrent caudal-fin rays are present in most species of this
subfamily. The only exception is Thalassophryne amazonica, which lacks procurrent fin rays
(Fig. 18; Table 3). The dorsal procurrent rays are supported by the epurals. The anterior (or
single) ventral procurrent caudal-fin ray is supported by the distal caudal radial cartilages.
The homology of these cartilages, however, is uncertain. The only specimen in which the
distal caudal radials stained was of Daector dowi (USNM 206532, 79.1 mm SL; Fig. 15A),
which has two small and circular distal caudal radial cartilages. Topology of these cartilages
indicates that they are either distal caudal radials of the haemal spine of the second preural
centrum or of the parhypural. The second ventral procurrent caudal-fin ray, if present, is
supported by the ventral hypural.
The parypural flange varies from straight to strongly concave, and its articular edge is
robust, and may have indentations or spinations. The morphology of the articular margin of
the parhypural flange is variable in D. dowi, with some specimens having an acute articular
edge that articulates loosely with the haemal spine of the second preural centrum (UF
226263, 43.1 mm SL).
The largest juvenile specimens of Thalassophryne and Daector that were examined
have a short hypurapophysis-like process on the lower third of the lateral wall of the first ural
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centrum that projects slightly laterally to form a narrow shelf, forming additional surface area
for the origin of the m. hypochordal longitudinalis (Figs. 15E, F). The hypurapophysis-like
process of Thalassophryninae develops late in ontogeny. In the smallest examined specimens
(T. maculosa, USNM 200558, 25.0 mm and 36.0 mm SL), the hypurapophysis-like process is
not yet developed.
The epurals have a simple rod-like shape. In most species they are convex, but in
some specimens of Daector dowi the epurals are concave (see below). The distal tip of both
epurals supports caudal-fin rays in Daector. In Thalassophryne the posterior epural supports
the anteriormost non-branched fin-rays (which may be either procurrent or the unbranched
ray of the principal series), whereas the anterior epural does not support any fin rays
(although the distal tip of the anterior epural may contact the anteriormost procurrent fin-ray
in Thalassophryne).

Daector. The hypurals support 11 principal caudal-fin rays (I, 4, 5, I), with exception of a
single specimen of D. dowi (UF 226263, 84.0 mm SL), which has six dorsal principal caudalfin rays (formula I, 5, 5, I). The total counts of fin-rays of this specimen are the same as in
other specimens (15), having a single dorsal procurrent ray instead of two as observed in all
other specimens of D. dowi. The morphology of the unbranched principal fin ray observed in
other specimens and the dorsalmost branched caudal-fin ray of this specimen (UF 226263,
84.0 mm SL) is very similar (i.e., slightly thinner than other principal fin rays) and they
appear to be homologous. Therefore, it is likely that the posterior tip of the corresponding
unbranched principal fin-ray of UF 226263 (84.0 mm SL) branched during ontogeny,
resulting in a branched fin ray.
Daector reticulata has one ventral procurrent fin ray (Fig. 15B), whereas D. dowi has
two. The shape of the epurals and their support for procurrent fin rays, and shape of the
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parhypural flange is variable in Daector dowi (Figs. 15A, 16). The shape of the anterior
epural varies from convex (UF 226263, 84.0 mm SL) to straight (UF 226263, 89.6 mm SL).
From the 11 cleared-and-stained specimens examined, the anterior epural of seven specimens
has a slender flange on the proximal portion of the anterior margin. The length of this flange
varies from weakly developed (UF 226263, 84.0 mm SL; Fig. 16E) to elongate, extending to
the mid-point of anterior epural in UF 226263 (43.1 mm SL; Fig. 16A). The presence and
prominence of the flange, such as the curving of the epural, do not appear to be related to
ontogeny, as different conditions were observed in specimens of similar size. The anterior
epural that does not bear the flange has rod-like shape. The posterior epural is more
consistently straight or slightly convex.
In most specimens of D. dowi both epurals support caudal-fin rays. However, in one
specimen (USNM 206532, 59.7 mm SL) the first and second dorsal procurrent caudal-fin
rays are supported by only the posterior epural (Fig. 16C). The anterior epural contacts but
does not support the first dorsal procurrent ray, as in Thalassophryne. Another variation
observed in the caudal-fin rays is the presence of three dorsal procurrent rays, with the
anteriormost positioned between the neural spine of the second preural centrum and the
anterior epural (UF 226263, 74.5 mm SL); this unique occurrence is interpreted as individual
variation, as all other specimens of Daector dowi have two dorsal procurrent rays. A similar
individual variation (i.e., one dorsal procurrent caudal-fin ray between the neural spine of the
second preural centrum and the anterior epural) was observed in Opsanus beta and O.
pardus.
The parhypural flange in Daector is consistently concave, but the curvature of the
margin varies from slight (USNM 206532, 59.7 mm SL) to highly concave (UF 226263, 84.0
mm SL). The latter specimen also has a unique elliptical invagination at the mid-point of the
margin. The shape and the width of the articular edge of the parhypural flange are highly
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variable as well. The smallest (UF 226263, 43.1 mm SL) and the largest (UF 226263, 89.6
mm SL) specimens examined have an acute anterior edge (Figs. 16A, F). The edge is yet
angular but is slightly longer in specimens UF 226263 (47.9 mm SL, 82.3 mm SL; Fig. 16B)
than in UF 226263 (43.1 mm SL). All other specimens examined have a long articular edge
of the parhypural, in which the articular surface is also variably shaped. For example, some
specimens () have a straight articular edge of the parhypural (USNM 206532, 59.1 mm SL;
UF 226263, 84.0 mm SL; Figs. 16C, E), whereas in others the articular surface is indented,
with three to four spine-like projections (UF 226263, 60.0 mm SL, Fig. 16D; USNM 206532,
79.2 mm SL, Fig. 15A). The variations observed in the morphology of the parhypural flange
are not related to ontogeny, as the distinct curvature of the parhypural flange and width and
shape of the anterior edge of parhypural flange were found in specimens of similar size
across the available size range, indicating that these differences are product of individual
variation. Another individual variation that was observed in a specimen of Daector dowi (UF
226263, 43.1 mm SL) was that it has two neural spines on the second preural centrum.

Thalassophryne. All specimens examined of this genus have the first and second dorsal
procurrent fin rays supported by the posterior epural (or the unbranched principal fin ray in T.
amazonica), with the anterior epural not supporting any caudal-fin rays. The only exception
is one specimen of T. natteri (MZUSP 47262, 114.8 mm SL), in which the first procurrent fin
-ray is supported by the anterior epural.
In Thalassophryne maculosa, the epurals are robust but simple, rod-like elements in
large specimens, without flanges. The parhypural flange varies from straight (USNM 199524,
64.4 mm SL) to concave (USNM 199524, 84.2 mm SL) (Figs. 17C–F), and in most
specimens it is smooth. USNM 220558 (36.1 mm SL, Fig 15D) has a short indented articular
edge of the parhypural flange. The articular surface of a larger specimen (USNM 199524,
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84.2 mm SL, Fig. 17E) is longer than in all other examined specimens (approximately half
the length of the parhypural flange) and is slightly irregular in its outline. In most specimens,
the length of the articular surface of the parhypural flange is approximately one-quarter of the
length of the flange.
Thalassophryne natteri has a straight parhypural flange, although its length is highly
variable. For example, in specimens USNM 302333 (69.4 mm SL and 113.0 mm SL; Figs.
17A, B) the articular edge is short and does not extend beyond the foramen from where the
caudal vessels exits, whereas in other specimens (MZUSP 47262, 114.8 mm SL, Fig 15C;
MZUSP 47283, 70.4 mm SL) the articular edge the parhypural flange is long and extends to
the middle of the ventral hypural. The robust epurals are rod-like and do not bear any flanges.
In one specimen, MZUSP 47262 (114.8 mm SL, Fig. 15C) the epurals are fused proximally,
although the two elements remain distinct. Most specimens of T. natteri have the first and
second procurrent fin rays supported by the posterior epural, as in other species of
Thalassophryne; the only exception was MZUSP 47262, which specimen has the anterior
epural supporting the first procurrent fin ray (see Table 3).
Thalassophryne natteri has 16 total caudal-fin rays, with I, 5, 5, I as the most
frequently observed principal formula. One specimen (MZUSP 47283) was observed having
14 principal caudal-fin rays (I, 6, 6, I), although, the total count of fin rays is the same. This
specimen has a single dorsal and ventral procurrent ray, in contrast to two pairs of both dorsal
and ventral procurrent rays in other specimens of T. natteri.
Thalassophryne amazonica has a unique caudal skeleton among all Batrachoidiformes
by not having any procurrent caudal-fin rays (Fig 18; Table 3). The overall arrangement of
the skeleton is robust, particularly the epurals, which are thicker than the dorsal-fin rays.
Further, T. amazonica is distinguished from the other species of Thalassophryne by the
presence of five dorsal principal caudal-fin rays (I, 4, 5, I) in contrast to six dorsal principal
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fin rays. The parhypural flange has a wide articular edge that extends to the posterior margin
of the first ural centrum and has a concave flange. One specimen (ANSP 178103, 76.9 mm
SL) bears a unique spear-like process, which arises from the anterior region of the parhypural
flange (Fig. 18A).

Halophryninae (Figs. 19–29; Tab. 4).
Halophryninae contains 13 genera and 33 species to date. This study examined 12
genera and 24 species of this subfamily.
The first ural and second preural centra are elongate, with the length-to-depth ratio
varying from 1.2 (Batrichthys apiatus, SAIAB 70353, 72.0 mm SL) to 1.6 (Allenbatrachus
grunniens, FMNH 51762, 114.3 mm SL). In contrast, the second ural centrum is relatively
short (approximately one-half of the length of the first ural centrum). The depth of the second
ural centrum is slightly smaller than that of the first ural central (approximately 75% of the
first ural centrum depth). The neural arches of the second preural centrum have a distinct
foramen on the lateral surface, and bear short hook-shaped dorsal prezygapophyses. The
depth of these processes is less than 25% of the depth of the second preu-ural centrum. The
presence of a small prezygapophysis on the haemal arch of the second preural centrum is
variable in Halophryninae: it was found in Batrichthys apiatus, Barchatus cirrhosus,
Batrachomoeus trispinosus, Bifax lacinia, Colletteichthys occidentalis, C. dussumieri,
Halobatrachus didactylus, Halophryne hutchinsi, and Riekertia ellisi (Figs. 20-28). Both first
and second ural centra do not bear any zygapophyses. Most genera of Halophryninae have a
distinct hypurapophysis-like process projecting posterolaterally from the first ural centrum;
this process is absent only in Allenbatrachus, Batrachomoeus, Halophryne and
Triathalassothia (Figs. 19, 21, 27, 29). Neural and haemal spines of the second preural
centrum are 1.1–1.4 times longer and thicker than spines of the more anterior vertebrae of the
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caudal region. A post-neural spine cartilage of the second preural centrum was found in
Batrachomoeus dubius (AMI 17793-002, 114.6 mm SL; Fig. 21B), Chatrabus hendersoni
(SAIAB 70864, 110.0 mm SL; Fig. 24C), and Halobatrachus didactylus (USNM 205066,
68.1 mm SL; Fig. 26B). In C. hendersoni and H. didactylus, the post-neural spine cartilage
supports the first dorsal procurrent fin ray, whereas in B. dubius it does not support any fin
ray.
The hypurals in Halophryninae are trapezoidal in shape. The dorsal hypural supports
six to eight caudal-fin rays, whereas the ventral hypural articulates with six to nine fin rays.
The principal formula ranges from I, 5, 5, I to I, 8, 7, I. One to three dorsal and ventral
procurrent fin rays are present. The ventral hypural may support one procurrent fin-ray in
some taxa (e.g., H. diemensis), although the anteriormost ventral procurrent fin rays are
usually not supported by the ventral hypural. In C. hendersoni (SAIAB 70864, 110.0 mm SL;
Fig. 24C) and H. didactylus (USNM 205966, 59.5 mm SL; Fig 26A) a post-parhypural
cartilage was observed supporting these fin rays.
The articular edge of the parhypural flange forms a straight surface that tightly
contacts the haemal spine of the second preural centrum. Within Halophryninae the shape of
the parhypural flange varies from straight (e.g., Colletteichthys ocidentalis) to weakly or
deeply concave (e.g., Halophryne dimensis and Halobatrachus didactylus, respectively). The
parhypural flange undergoes little ontogenetic change. For example, the available growth
series of Halophryne diemensis revealed that the flange has a very similar outline in both
small (AMI 23930-001, 24.1 mm SL) and larger specimens (USNM 174023, 113.8 mm SL);
this is different than the situation found in other subfamilies (e.g., Batrachoidinae).
The epurals of Halophryinae are rod-like and their outline varies from convex (e.g.,
Allenbatrachus reticulatus, USNM 333283, 45.9 mm SL) to straight (Colletteichthys
dussumieri, USNM 226512, 84.6 mm SL). One specimen of Allenbatrachus grunniens
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(FMNH 51762, 114.3 mm SL) has a convex anterior epural. The epurals may support one or
two procurrent caudal-fin rays.

Allenbatrachus. The only specimen of Allenbatrachus grunniens (FMNH 51762, 114.3 mm
SL) available for examination has rod-like epurals. The anterior epural is concave, whereas
the posterior epural is straight (Fig. 19A). The articular edge of the parhypural flange forms
an acute stay (similar to those in Porichthyinae), distinct from the typical angular articular
edge found in most Halophryninae. However, comparative material of A. grunniens is
necessary to determine whether the shape of the articular edge of the parhypural flange is
unique to this taxon or is just an individual variation found in this specimen.
Allenbatrachus reticulatus has epurals that vary from convex to straight. In USNM
333283 (45.9 mm SL) the epurals are partially fused anteriorly. In another specimen (FMNH
47420, 94.6 mm SL), although the epurals remain distinct elements, the anterior epural has a
flange in the anterior third projecting posteriorly over the posterior epural (Figs. 19B, C, E).
The length of the articular edge of the parhypural flange is variable among examined
specimens of A. reticulatus. In some individuals (e.g., USNM 333283), it is one-fourth the
length of the parhypural flange, whereas in others (FMNH 47420) the anterior edge is
approximately one-eighth of the length of the flange (Figs 19B–D). The shape of the
parhypural flange is also variable. Specimens from USNM 333283 have a slight concave
flange. In contrast the parhypural flange of FMNH 47420 is weakly sigmoid in shape.

Barchatus. Barchatus cirrhosus and B. indicus were consistently found to have a short
parhypural flange that does not extend beyond the foramen from where the caudal blood
vessels exit. The caudal fin has 15 principals fin rays (I, 6, 7, I), three dorsal and two ventral
procurrent fin rays (Fig. 20).
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Batrachomoeus. No unique caudal-fin characteristics were found in Batrachomoeus. This
genus, however, has a remarkable variation in the caudal counts of all examined species.
Batrachomoeus dahli has a total of 18 caudal-fin rays, with 14 principals (I, 6, 6, I), and two
dorsal and ventral procurrent fin rays. Similar caudal counts were observed only in one
specimen of B. dubius (AMI 20605-009, 114.9 mm SL). However, given the high
intraspecific variability observed in caudal counts of B. dubius and B. trispinosus and only a
single specimen available for examination of B. dahli (AMI 13282, 49.2 mm SL), we could
not determine whether the observed counts in AMI 13282 is characteristic of this species.
The anterior epural of B. dahli is approximately 1.2 times longer than the posterior epural,
extending anteriorly to contact the base of the neural spine. Having the anterior epural being
substantially longer than the posterior epural of B. dahli is the only occurrence within the
genus Batrachomoeus. However, in other species of Halophryninae, a similar arrangement of
the epurals may occur (e.g., Batrichthys apiatus).
Batrachomoeus dubius (Fig. 21A, B) has a variable total number of caudal-fin rays,
ranging from 16 to 18 (Table 4). The caudal formula varies from I, 6, 5, I (CSIRO CA550,
CSIRO CA1223), I, 6, 6, I (AMI 20605-009), to I, 6, 7, I (AMI 17793-02). The number of
procurrent fin rays shows variability as well. CSIRO CA1223, AMI 17793-02, and AMI
20605-009 (114.9 mm SL) have two dorsal procurrent fin rays, whereas CSIRO CA550 and
AMI 20605-009 (119.4 mm SL) have a single dorsal procurrent fin ray that articulates with
either the anterior epural (CSIRO CA550) or the posterior epural (AMI 20605-009). Most
specimens have two ventral procurrent rays; only one specimen was found to have a single
ventral procurrent ray (AMI 20605-009, 119.4 mm SL) and another that does not possess any
ventral procurrent ray (AMI 17793-02; Fig. 21A). Another source of variation is the length of
the articular edge of the parhypural flange. In most specimens the length of the articular edge
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is approximately one-quarter of the total length of the parhypural flange, whereas in AMI20605-009 (114.9 mm SL) it extends posteriorly to one-half of the parhypural flange. AMI20605-009 (119.1 mm SL) has an acute articular edge (similar to the condition in
Porichthyinae). However, given this unique occurrence, it is likely an individual variation.
Batrachomoeus occidentalis (Fig 21E) has the lowest caudal counts of the genus
Batrachomoeus, which were otherwise observed only in two specimens of B. dubius. B.
occidentalis has 13 principal rays (I, 6, 5, I), with one dorsal and two ventral procurrent fin
rays. The anterior epural does not support any fin ray, which was otherwise observed only in
one specimen of B. dubius (AMI 20605-009, 119.4 mm SL). However, additional specimens
are necessary to assess whether this condition is characteristic of this species or result of
intraspecific variation (as found in Vladichthys gloverensis).
Batrachomoeus rubricephalus was observed having 18 total caudal-fin rays, with 13
principals (I, 5, 6, I), and three dorsal and two ventral procurrent rays. The dorsal hypural is
trapezoidal as observed in all Batrachoidiformes, but the ventral margin of this bone has a
prominent triangular projection that extends through the posterior half of the margin (Fig.
21F). The epurals are convex and closely alligned. The anterior epural has a short flange in
the anterior third of the posterior margin that projects and contacts the anterior margin of the
posterior epural. The posterior epural has a prominent trapezoidal flange that extends through
the anterior half of the posterior surface and the greatest breadth of the flange is almost as
wide the width of the posterior epural. Another unique characteristic observed in this
specimen is the thickness of the haemal spine of the second preural centrum, which is almost
twice that of neural spine of the second preural centrum and almost three times wider than
haemal spine of the preceding vertebrae. In most observed Batrachoidiformes, the haemal
spine of the second preural centrum is approximately 1.5 times thicker than haemal spine of
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the preceding vertebra and has similar width as the neural spine of the second preural
centrum.
Batrachomoeus trispinosus has a variable parhypural flange among the examined
specimens. In CSIRO A2185 (33.1 mm SL) and USNM 423891 (105.7 mm SL) the articular
edge of the parhypural flange is relatively small (0.15 times parhypural margin length) and
the shape of the flange is concave (Figs. 21 C, D). The other specimen (AMI 15557-280,
116.1 mm SL) has a longer articular edge of the parhypural flange (0.25 times the length of
the parhypural margin) and the flange has two shallow indentations. The total number of
caudal-fin rays varies from 19 (USNM 427891, 105.7 mm SL, 128 mm SL) to 20 (AMI
15557-280, 116.1 mm SL). There are consistently 10 dorsal principal and procurrent fin rays.
The ventral series, in contrast, appears to be highly variable. Specimen AMI 15557-280
(116.1 mm SL) has seven ventral principal fin rays and three ventral procurrent rays; USNM
427891 (105.7 mm SL) has eight principal and a single ventral procurrent fin ray; and USNM
427891 (128.0 mm SL) has seven rays in the ventral principal series and two ventral
procurrent rays (Tab. 4).

Batrichthys. Batrichthys apiatus has a more dorsoventrally depressed body than all other
Batrachoidiformes, and this feature is reflected in the morphology of the caudal skeleton. The
neural and haemal spines are posterodorsally oriented at a narrower angle (< 30o) than all
other Halophryninae (approximately 45o). The epurals are more obliquely oriented than the
neural spines (angle ranging between 20o to 30o), displaced from the typical parallel
arrangement between the neural spine of the second preural centrum and epurals (Fig. 22).
The total counts of caudal-fin rays vary between 18 to 19, with 14 principals (I, 6, 6,
I) and four to five procurrent rays. Most specimens have two dorsal and two ventral
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procurrent fin rays; SAIAB 12728 (52.79 mm SL), however, has three dorsal procurrent rays
(Table 4).

Bifax. The epurals of Bifax lacinia are straight and almost contact one another. The anterior
epural has a semi-elliptical flange that projects from the anterior margin and extends
throughout the anterior half of the anterior epural (Figs. 23C, D). The low availability of
specimens does not allow us to determine whether this flange is a characteristic feature of this
species. However, in other species of Halophryninae (e.g., Colletteichthys dussumieri) the
development of flanges on the epurals varied intraspecifically.

Chatrabus. Chatrabus melanurus has a variable parhypural flange. In the smallest specimen
available (SAIAB 13859, 18.3 mm SL) the parhypural flange is slightly concave and has an
acute articular edge (Fig. 24A). The largest (USNM 325744, 156.5 mm SL; Fig. 24B) has a
short and deep concave flange. However, given the lack of additional specimens for
comparison, the observed morphology could be either individual or ontogenetic variation.
The examined specimen of C. hendersoni has a concave parhypural flange and a wide
articular edge of parhypural, which extends to level of the foramen from where caudal blood
vessels exit (Figs. 24C).

Colletteichthys. The anterior epural of the only cleared and stained specimen available of
Colletteichthys dussumieri (USNM 226512, 84.6 mm SL; Fig. 25A) has a long triangular
flange in the anterior margin that extends through the proximal half of the anterior epural.
Specimen UF 146291 (101.6 mm SL) has typically rod-like epurals, as observed in most of
species of Halophryninae.
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The only cleared-and-stained specimen of C. occidentalis (USNM 147914, 45.0 mm
SL; Fig. 25 C) available for study has a medial element between the anterior and posterior
epural. We interpret this element to be an anomalous element and not a third epural because
of its relatively small size and because the other specimens examined (USNM 147914, 104.4
mm SL) have the typical batrachoid condition of two epurals (Fig. 25B). Another difference
observed between the two specimens is the prominence of the dorsal prezygapophysis on the
second preural centrum. In the 104.4 mm SL specimen, the dorsal prezygapophysis is distinct
and articulates with the neural spine of the preceding vertebrae. In contrast, in the 45 mm SL
specimen the anterior margin of neural arch of pu2 is rounded, and does not form a
zygapophysis.

Halobatrachus. The support for the anterior epural in Halobatrachus proved to be variable.
The post-neural spine cartilage of the second preural centrum supports the anteriormost
dorsal procurrent fin ray in specimens of USNM 205066 (68.1 mm SL, Fig 26B; 59.5 mm
SL, Fig 26A; in the latter, it was inferred by the displacement of the procurrent ray from the
anterior epural). Specimen UF 21854 (81.0 mm SL) has the first procurrent fin ray tightly
articulating with the anterior epural (Fig. 26D).
Another individual variation that was observed relates to haemal spine of the second
preural centrum. UF 216854 (81.0 mm SL, Fig. 26D) bears a posteriorly projected, hook-like
process in the anterior portion of the haemal spine, near the articular edge of the parhypural
flange. This process was not present in other specimens.

Halophryne. No unique characteristics of the caudal skeleton were not found to be shared
among the species of this genus. Halophryne diemensis was found to consistently have a
straight parhypural flange in all ontogenetic stages examined (24 mm SL to 114 mm SL). The
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only exception is the specimen CSIRO H4155 (86.4 mm SL), in which the parhypural flange
is concave posterior to the articular edge of parhypural (Figs. 27A, B).
In the smallest juvenile specimens of Halophryne ocellatus that were examined
(CSIRO H 2784-10, 41.9 mm SL and CSIRO H 3253-06, 25.2 mm SL) the parhypural flange
is concave, although the shape of this concavity varied (rounded in CSIRO H 3253-06 is
rounded, and angular in CSIRO H 2784-10). The parhypural flange of the largest specimen
(CSIRO C2767, 58.7 mm SL) is also concave but the degree of concavity is relatively less
than that of the smallest specimens (Figs. 27C, D); it is unclear if this is the result of
ontogenetic or individual variation.
Halophryne queenslandiae has variable anterior epural. The anterior epural of CSIRO
C-2824 (178.3 mm SL) is rod-shaped, similar to that observed in other Halophryne spp. (Fig.
18). Conversely, in AMI 9500 (117.5 mm SL) the proximal edge of the anterior epural has a
rectangular profile (Fig. 27E).

Perulibatrachus. The only specimen of Perulibatrachus aquilonarius available for
examination (CAS 231007, 245.0 mm SL) has both epurals bearing flanges (Figs. 28A, B).
The anterior epural has a trapezoidal flange projecting from the proximal half of its anterior
surface. The posterior epural has a thin, trapezoidal flange projecting from the middle of the
posterior margin. Further investigation is needed to assess whether these flanges are
characteristic of this taxon.
Perulibatrachus rossignoli has a variable articular edge of the parhypural flange. The
parhypural flange is concave in both available specimens, but in FMNH 117453 (167.4 mm
SL, Fig. 28C) the articular edge of the parhypural flange extends to the level of the anterior
margin of the foramen from where blood vessels exit into the caudal region, whereas in
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SAIAB 67750 (146.6 mm SL; Figs. 28D) the articular edge of the parhypural is longer,
extending posteriorly to the level of the anterior margin of second ural centrum.

Triathalassothia. The morphology of individual elements of the caudal skeleton of T.
argentina is similar to most species of Halophryninae, with the exception of the number of
caudal-fin rays. The caudal skeleton of T. argentina supports 23 caudal-fin rays, with
seventeen in the principal series (I, 8, 7, I) and six procurrent fin rays (three dorsal and three
ventral; Fig. 29, Table 4). This fin ray count is unique among Batrachoidiformes. The dorsal
hypural supports nine principal rays, at least one more than any other batrachoid and matches
the fin-ray count and formula proposed as a synapomorphy of Percomorphacea (Wiley &
Johnson, 2010; Johnson & Patterson, 1993; see below).

DISCUSSION
Characters of the caudal skeleton and fin in Batrachoidiformes
This study reported most of the primary forms of morphological variation as
described by Grande (2004) and Hilton & Bemis (2012): ontogenetic variation
(morphological changes during the development of the same organism); individual variation
(variations among individuals of the same species, sex, and ontogenetic stage); and
phylogenetic variation (variation among taxa). Sexual dimorphism in the morphology of the
caudal skeleton was not found. In this section, we discuss specific cases of morphological
variation and their distribution among Batrachoidiformes, and Percomorphacea generally.

Dorsal procurrent fin-rays. Porichthys greenei and P. pauciradiatus are unique within
Porichthyinae in having a single dorsal procurrent ray (Figs. 11E, 12; Table 2); all other
species of porichthyines have two. This condition might be phylogenetically informative, but
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an analysis of congruence is necessary to determine its polarity. Reductions in the number of
dorsal procurrent rays also occur in some species of other sub-families (e.g., Thalassophryne
amazonica, Thalassophryninae; Sanopus reticulatus, Batrachoidinae), although these are
likely homoplastic occurrences.

Ventral procurrent fin-rays. In Batrachoidinae, the genera Amphichthys, Opsanus,
Batrachoides, Sanopus have two ventral procurrent fin-rays (individual variation in some
taxa; see Table 1). This morphological condition, however, appears to be plesiomorphic
because two or more ventral procurrent rays are observed in representatives of Halophryninae
and Thalassophryinae (Tables 2–4). Therefore, it is likely that having a single ventral
procurrent fin ray, a condition shared by Potamobatrachus trispinosus and Vladichthys
gloverensis, could be a potential synapomorphy grouping these two species.

Ventral prezygapophysis on the first ural centrum. Within Porichthyinae, Aphos porosus,
Porichthys notatus, P. margaritatus, and the species complex P. porosissimus/plectrodon
share a distinct ventral prezygapophysis on the first ural centrum; ventral pre-zygapohyses
were not found in any other taxa of Batrachoidiformes. In Aphos porosus and in the P.
porosissimus/plectrodon species complex the presence and prominence of the ventral
prezygapophysis varies intraspecifically. In A. porosus the ventral prezygapophysis was
found in all examined specimens except the largest (USNM 309738, 152.3 mm SL). In P.
porosissimus/plectrodon, two of the six examined specimens of USNM 302134 (53.52 mm
SL, 75.5 mm SL) have a distinct ventral prezygapophysis on the first ural centrum (Figs.
14B, D). Despite the individual variation, this structure occurs only in this small group of
species of Batrachoidiformes and it is possible that the presence of ventral prezygapophysis
on the first ural centrum is a synapomorphy grouping these taxa.
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Spine-like projections on the parhypural flange. All species of Porichthys bear spine-like
projections on the parhypural flange. Although the number, orientation, and prominence of
the spines vary inter- and intra-specifically, all examined specimens of Porichthys have one
or more spines projecting from the margin of parhypural, in addition to the spine in the
articular edge of the parhypural flange (Figs. 11–14). This condition was not observed in
other Batrachoidiformes (except for one specimen of Thalassophryne amazonica) and
appears to be a synapomorphy of the genus Porichthys.

Hypurapophysis-like process on the first ural centrum. The hypurapophysis is a process that
projects laterally from the arches of the parhypural (Nursall, 1963; Schultze & Arratia, 2013)
and serves as an attachment site for the m. hypochordal longitudinalis (Winterbottom, 1974).
In Batrachoidiformes the parhypural is fused to the ventral hypural, and this compound
element is fused to first ural centrum (Figs. 3, 4). In the halophrynine genera Barchatus,
Batrichthys, Bifax, Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus and
Riekertia, the lateral wall of the first ural centrum bears a hypurapophysis-like process,
serving as additional area of attachement for the m. hypochordal longitudinalis (Figs. 20, 2226, 28). In Thalassophryninae, the hypurapophysis-like process is relatively smaller than that
found in Halophryninae and is found only in large juveniles (longer than 60.0 mm SL; Fig.
15). In Halophryninae, the hypurapophysis-like process develops early, and is already present
in the smallest juvenile specimen of Halophryninae (Chatrabus melanurus, SAIAB 13859,
18.2 mm SL).
Regardless of any previous topologies, the presence of a hypurapophysis-like process
could be interpreted as a synapomorphy grouping Thalassophryninae and the genera
Barchatus, Batrichthys, Bifax, Chatrabus, Colletteichthys, Halobatrachus, Riekertia, and
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Perulibatrachus. Optimizing the presence of this process on the first ural centrum in
Greenfield et al.’s (2008) topology, the presence of the hypurapophysis-like process occurred
twice, one at the base of Thalassophryninae and another within the clade of the sub-family
Halophryininae comprising Bifax, Chatrabus, Colletteichthys, Halobatrachus, Barchatus,
Riekertia, Austrobatrachus, Batrichthys and Perulibatrachus.
Hypurapophyses (sensu Schultze & Arratia, 2013) are found in representatives of
several orders of fishes. We found a slender, elongate hypurapophysis projecting posterolaterally from the base of the arches of the parhypural with the urostylar centrum in
Menticirrhus americanus, Micropogonias undulatus (Scianidae), Dactylopterus volitans
(Dactylopteridae), Epigonus pandionis (Epigonidae), Eucinostomus (Gerreidae), Centrarchus
(Centrarchidae), Prionotus carolinus (Triglidae), Lumpenus sagitta (Stichaeidae),
Bathymaster leurolepis and Ronquilus jordani (Bathymasteridae) (Fig. 27).
A hypurapophysis-like process projecting from the first ural centrum (or urostyle) was
also found in taxa from other orders of fishes examined in this study. Artedius fenestralis
(Fig. 30 D) and Myoxocephalus poliacanthocephalus (Cottidae) have a weakly developed
lateral bulge on the region where the hypurals are fused to the first ural centrum. Centrodraco
oregonus (Draconettidae), Synchiropus ocellatus and Callionymus japonicus (Callionymidae;
Fig. 30F, H) have very prominent hypurapophysis-like processes. Unlike those in
Batrachoidiformes, the processes in Draconettidae and Callionymidae are projected
anterolaterally. In Lophius and Lophiomus (Lophiidae), the hypurapophysis-like process is a
semi-circular lateral projection, forming a wide shelf-like process to support the origin of the
m. hypochordal longitudinalis (Figs. 30E, G). Histrio histrio (Antennaridae) lacks any lateral
process in the caudal complex. Monod (1968) and Fujita (1990) report that hypurapophyses
and hypurapophysis-like processes occur in most orders of acanthomorph fishes, but they are
absent in Gadiformes, Ophidiiformes, Gobiiformes, Gobiesociformes, Pleuronectiformes

	
  

48	
  

(except Psettodes), Tetraodontiformes, and in families Kurtidae, Apogonidae, Eleotridae,
Anabantidae, Liparidae, Pholidae, Dactyloscopidae, Hexagrammidae, Aulorhynchidae,
Blenniidae, Cepolidae, Melamphaide, Goodeidae, Notobranchiidae, Atheronopsidae,
Centriscidae, and Gasterosteidae (condition might be variable in this family; reviewer pers.
comm.).
Topological differences observed in the origin of the hypurapophysis (arches of the
parhypural) and the hypurapophysis-like process observed in Batrachoidiformes can indicate
that these processes are not homologous. The optimization of these morphological characters
in Betancur-R et al. (2013) further supports the non-homology between these distinct
processes. Given the placement of Batrachoidiformes relative to Ophidiiformes and
Gobiomorpharia (which do not have hypurapophysis or a hypurapophysis-like process), the
absence of a hypurapophysis-like process would be considered the plesiomorphic state in
Batrachoidiformes; implying that the hypurapophysis-like process shared by
Thalassophryninae and some taxa of Halophryninae is an apomorphic condition. A test of
congruence is needed to properly discuss the distribution and polarity of the hypurapophysislike process (Nixon & Carpenter, 2012). Ongoing studies of different character complexes
suggest that the representatives of Halophryninae that bear the hypurapophysis-like process
may be basal to all other Batrachoidiformes. Therefore, the loss of the hypurapophysis-like
process could be a synapomorphy grouping Batrachomoeus, Halophryne, Allenbatrachus,
Batrachoidinae and Porichthyinae, resulting in a paraphyletic Halophryninae. Despite the
limited taxon sampling of their study, the phylogenetic hypothesis of Rice and Bass (2009)
also suggests that Halophryninae could be paraphyletic, and further study is necessary.

Dorsal prezygapophysis on the first ural centrum. The presence of the dorsal
prezygapophysis projecting anterodorsally from the dorsal surface of the first ural centrum is
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shared by all species of Porichthyinae. These processes are first distinguishable at 33 mm SL
(Porichthys margaritatus, UF 101730) and become more prominent later in ontogeny. No
other representative of Batrachoidiformes bears any similar process on the first ural centrum
(Figs. 11–14).
Although the dorsal prezygapophysis on the first ural centrum is unique to
Porichthyinae among Batrachoidiformes, similar processes were observed in several other
groups of acanthomorph fishes, including Holocentrus ascensionis (Holocentridae; Monod,
1968), Ammodytes hexapterus (Ammodytidae), Aulorhynchus flavidus (Aulorhynchidae),
Bathymaster leurolepis (Bathymasteridae), Chasmodes bosquianus (Blenniidae),
Callionymus japonicus, Synchiropus punctatus (Callionymidae), Selene setapinnis
(Carangidae), Artedius fenestralis, Myoxocephalus polyacanthocephalus (Cottidae),
Dactylopterus volitans (Dactylopteridae), Dactyloscopus tridigitatus (Dactyloscopidae),
Chaetodipterus faber (Ephippidae), Gobiesox strumosus (Gobiesocidae), Hexagrammos
stelleri (Hexagrammidae), Liparis inquilinus and L. dennyi (Liparidae), Lophiomus setigerus
(Lophiidae), Apodichthys fucorum (Pholidae), Lumpenus sagitta (Stichaeidae), Peprilus
triacanthus (Stromateidae), Lagocephalus laevigatus (Tetraodontidae), Zoarces americanus
(Zoarcidae) (Figs. 31 B–F; 32A; 33B, D-F; 34B, D, E; 35B-D). Lophius americanus
(Lophiidae) has a short dorsal prezygapophysis, but in Histrio histrio the dorsal surface of the
first ural centrum is completely straight. Konstantinidis & Johnson (2012) report this process
occurring widely in Tetraodontiformes, including Triacanthodidae, Triacanthidae, Balistidae,
Monacanthidae and Ostraciidae.
Basal Ophidiiformes (Ogilbia and †Pastorius) have a straight dorsal surface of the
first ural centrum that does not bear a dorsal prezygapophysis (Carnevale & Johnson, 2015).
A dorsal prezygapophysis, however, is present in extant Ophidiidae and Bythitidae (e.g.,
Acanthonus armatus, Fig. 33B; G. Carnevale, pers. comm. 2016; see also Carnevale &
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Johnson, 2015). A straight dorsal surface of first ural centrum without a zygapophysis also
occurs in Kurtus (Kurtidae), Apogon (Apogonidae), Eleotris (Eleotridae) and Gobiosoma
bosc, and Gobius (Gobiidae; Monod, 1968).
The phylogenetic hypotheses of Betancur-R et al. (2013) suggests that Ophidiiformes
are the sister group of all other Percomorphacea, with Batrachoidiformes as sister group of
the clade formed by Gobiomorpharia and all other percomorphs. Based on this topology, the
absence of dorsal prezygapophysis on the first ural centrum in basal Ophidiiformes and in the
examined taxa of Gobiomorpharia suggests that the straight surface of the first ural centrum
in Batrachoidinae, Halophryninae and Thalassophryninae is plesiomorphic for
Batrachoidiformes. The interrelationships suggested by Near et al. (2013) do not affect the
optimization for Batrachoidiformes. However, the distribution and polarity of this character
needs to be subjected to a test of congruence to properly interpret its phylogenetic
information (Nixon & Carpenter, 2012).
It will also be important for future studies to consider the morphological variation of
the dorsal prezygapophysis on the first ural centrum, as the process can occur in at least two
distinct conditions. The prezygapophysis projects from the antero-dorsal edge of the neural
arch of the first ural centrum in Apodichthys fucorum (Pholidae), Chasmodes bosquianus
(Blenniidae), Dactylopterus volitans (Dactylopteridae), Dactyloscopus tridigittatus
(Dactyloscopidae), Gobiesox strumosus (Gobiesocidae), Hexagrammos stellari
(Hexagrammidae), Lophius americanus (Lophiidae), and Chilomycterus reticulatus
(Diodontidae). In contrast, the dorsal prezygapophysis is a distinct process that projects
directly from the dorsal surface of the first ural centrum in Aphos and Porichthys
(Batrachoidiformes), Chaetodipterus faber (Ephippidae), Callionymus japonicus,
Synchiropus punctatus (Callionymidae), Liparis inquilinus (Liparidae), Lumpenus sagitta
(Stichaeidae), and Artedius fenestralis and Myoxocephalus polyacanthocephalus (Cottidae).
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In this study, we consider the dorsal prezygapophysis on the dorsal surface of the first ural
centrum to be homologous to those on the anterior edge of the neural arches. To date, no
specimen that has neural arches on the first ural centrum was found having both processes.
However, additional data on of the development of the dorsal prezygapophysis would help to
support the hypothesis of homology of between these two conditions and assess whether they
are directly comparable.

Support of caudal-fin rays by the anterior epural.
Three conditions related to the support of the dorsal procurrent caudal-fin rays by the
anterior epural are variable within Batrachoidiformes and these may offer some insights on
the interrelationships of the order. The first condition is the anterior epural supporting one
procurrent fin ray (primarily the first procurrent ray). This condition was found in all species
of Batrachoidinae (except one specimen of Vladichthys gloverensis), the genus Daector
(Thalassophryninae), and in the Halophryninae genera Allenbatrachus, Batrachomoeus,
Batrichthys, and Halophryne.
The second condition is the anterior epural supporting the first and the second
procurrent fin rays, which is shared by the genera Barchatus, Bifax, Chatrabus,
Colletteichthys, Halobatrachus, Perulibatrachus, Riekertia and Triathalassothia
(Halophryninae). The second procurrent fin ray firmly contacts the anterior epural. The
articulation of the first procurrent fin ray with the anterior epural, however, is variable. In
some specimens (e.g., Halobatrachus didactylus, Fig. 26C, D; Triathalassothia argentina,
USNM 214438, Fig. 29) the first procurrent firmly contacts the anterior epural, similar to the
second procurrent. In others (e.g., Barchatus cirrhosus, USNM 211140, Fig. 20A;
Colletteichthys dussumieri, USNM 226512, Fig. 25A), the first procurrent ray is slightly
dissociated from the anterior epural, and in Chatrabus hendersoni (SAIAB 70864, Fig 24C)
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and one specimen of Halobatrachus didactylus (USNM 205066, 68.1 mm SL, Fig 26 B), the
first dorsal procurrent ray is associated with the post-neural spine cartilage of of the second
preural centrum.
Finally, the third condition found in Batrachoidiformes is to have a dorsal procurrent
fin ray that is supported only by the posterior epural. The anterior epural may contact the first
procurrent ray in some taxa (e.g., Porichthys bathoiketes, Fig. 11B) but does not fully support
it. This arrangement was found in all representatives of Porichthyinae and Thalassophryne
(Thalassophryninae; with exception of one specimen of T. natteri).
Most outgroups examined have the anterior epural supporting two dorsal procurrent
fin rays (see also Monod, 1968 and Fujita, 1990). This could suggest that two dorsal
procurrent fin rays supported by the anterior epural is the plesiomorphic condition in
Batrachoidiformes. The articulation between epurals and fin rays in Ophidiiformes varies
between having anterior epurals either supporting a single a procurrent ray and not
articulating with any fin-ray (Fig. 33A; see also Carnevale & Johnson, 2015: fig. 8). The
basal ophidiiform Ogilbia has a single epural supporting the first procurrent fin ray. Brotula
has two epurals that support a single caudal-fin ray each, similar to that described in
Batrachoidinae. Assuming that the basal placement of Ogilbia is correct, the optimization of
this character on the topology proposed by Betancur-R et al. (2013) results in an ambiguous
distribution and it is not possible to determine the plesiomorphic condition for
Batrachoidiformes. Although the lack of resolution prevents the interpretation of which
character state is plesiomorphic, it is possible to infer that the anterior epural not supporting
fin rays is derived for Batrachoidiformes (if not Percomorphacea generally).
Datovo et al. (2014) discovered new morphological characters of the infrabranchial
musculature that support a close relationship between Batrachoidiformes and Lophiiformes, a
hypothesis previously proposed by Rosen & Patterson (1969), Lauder & Liem (1983) and
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Patterson & Rosen (1989). The condition of the caudal fin character in Lophiiformes is
distinct from all the conditions found in Batrachoidiformes, and therefore does not resolve
the ambiguous optimization. The caudal skeleton of Lophiiformes has a single epural bone
that does not support any caudal-fin ray and lacks procurrent-fin rays. In contrast, all species
of Batrachoidiformes have at least the posterior epural supporting caudal rays, and epurals
supporting fin rays are widespread in other examined outgroups.

Articulation of the parhypural flange to the haemal spine of the second preural centrum.
Members of Porichthyinae are unique among Batrachoidiformes in having the anterior edge
of the parhypural flange articulating with the haemal spine of the second preural centrum
through an acute stay. This angular articulation persists to adult stages. Small juveniles of
Opsanus tau (23–27 mm SL) have an angular articular edge of the parhypural flange that
lengthens during ontogeny. This lengthening of the articular edge of the parhypural during
ontogeny was also observed in other species, such as Batrachoides manglae and Sanopus
barbatus.
We observed an angular articular edge of the parhypural flange to occur variably in
Daector dowi. For example, in the 12 examined specimens, three presented an acute articular
edge of the parhypural flange (UF 226263, 43.1 mm SL, 47.9 mm SL and 89.6 mm SL).
This appears to not be related to ontogenetic changes as this feature was observed in both
smallest and largest specimens examined. Due to the low occurrence of an acute articular
edge, we consider the articular edge with wide and straight surface as the typical condition of
D. dowi. Batrachoides goldmani has the parhypural flange reduced, with only one specimen
(USNM 219383, 72.6 mm SL) found to have an angular articular edge. Although a reduced
flange is characteristic of this species, the angular articular edge of the parhypural flange is
likely the result of intraspecific variation.
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Most of the examined outgroups have the articular edge of the parhypural or the
parhypural flange (when fused to the ventral hypural) forming a straight surface. Notable
exceptions include Epigonus pandionis and Sarda sarda (in Monod, 1968: fig. 749), in which
the articular edge of the parhypural flange is acute (Fig. 32B). The parhypural of Trinectes
maculatus (Achiridae; Fig. 32C) and Aeoliscus strigatus (Centriscidae; in Monod, 1968: fig.
533) have a straight articular margin that does not contact with the haemal spine of the
second preural centrum. Therefore, the plesiomorphic condition for Batrachoidiformes is
likely to have the parhypural flange with a straight articular edge. Based on the observed
pattern of stages of batrachoids having a very narrow or even acute articular edge of
parhypural flange that widens during ontogeny (exceptions observed in Vladichthys
gloverensis and Halophryne diemensis), we hypothesize that Porichthyinae underwent a
heterochronic change that retained the early-life condition of an angular anterior edge of
parhypural via paedomorphosis. However, a detailed comparative developmental study is
needed to further assess this hypothesis.
One specific aspect of the caudal skeleton of Batrachoidiformes that displays most
types of morphological variation (sensu Grande, 2004; Hilton & Bemis, 2012) is the
parhypural flange. For example, the articular edge of the parhypural flange is
phylogenetically informative, in that all members of Porichthyinae were found having a
unique acute articular edge of the parhypural flange. In several species of Batrachoidinae
(e.g., Opsanus tau), the length of the articular edge of parhypural flange increases during
ontogeny (i.e., ontogenetic variation). Individual variations are also found in this region.
Some specimens of Daector dowi, for instance, have a straight surface of the articular edge of
the parhypural flange, whereas the articular edge of others has indentations forming spinelike projections (Fig. 16). The margin of the parhypural flange is likewise variable. The
presence of spines on the margin of the parhypural flange of all species of Porichthys
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supports the monophyly of this genus. However, each specimen has a unique arrangement
and number of spines (e.g., Porichthys greenei; Fig. 12). Similar variation was observed in
other species of Porichthys for which we could prepare more than one specimen. Variation in
the concavity of the parhypural flange was also noted throughout Batrachoidiformes. These
variations are intrinsically associated to the individual development of each specimen, and
apparently are under neither positive nor negative selection. The result of this apparent lack
of selectivity towards a stereotyped shape is, perhaps, the fixation of the polymorphism itself.

Caudal-fin ray counts and principal series. In Halophryninae the genera Barchatus, Bifax,
Chatrabus, Colletteichthys, Perulibatrachus, Halobatrachus, and Riekertia share having 20
caudal-fin rays, although the arrangement of caudal-fin rays can vary in the number of
principal fin rays or procurrent fin rays (Tab. 4). The caudal counts range between 16
principal caudal-fin rays (I, 7, 7, I) with two dorsal and two ventral procurrent fin rays, and
14 principal caudal-fin rays (I, 6, 6, I) with three dorsal and three ventral procurrent fin rays.
These differences were considered variations of the same character state because different
specimens of a species could have either one or other arrangement, but they all share the
same total number of caudal-fin rays. Batrachomoeus trispinosus has 19 to 20 total caudal-fin
rays. Whether the caudal-fin arrangement of B. trispinosus is homologous that of the
halophrynine genera or it is result of convergence (i.e. homoplastic distribution) requires
further investigation. However, all species of the genus Batrachomoeus that were examined
share a unique pair of foramina on the roof of the skull with Halophryne and Allenbatrachus
and an elongated posterior region of the skull with only Allenbatrachus (Greenfield et al.,
2008). The morphological characteristics shared among species of Batrachomoeus and
genera Allenbatrachus and Halophryne likely indicate that the higher counts of caudal-fin
rays observed in B. trispinosus and other halophrynine is likely result of convergence.
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The majority of the examined taxa of Batrachoidinae, the genera Allenbatrachus,
Batrichthys, Halophryne and most species of Batrachomoeus have 14 principal caudal-fin
rays (I, 6, 6, I), with some individual variation (e.g., one more or fewer branched fin ray),
with two dorsal and two ventral procurrent fin rays, total of 18 caudal-fin rays (Tabs. 1–3).
Sanopus barbatus and Sanopus reticulatus have similar principal series (I, 6, 6, I), but have a
single dorsal procurrent fin ray, total of 17 caudal-fin rays.
Most species of Porichthyinae have 15 caudal-fin rays, with 12 in the principal series
(I, 5, 5, I), and two dorsal and one ventral procurrent fin rays. Two exceptions are Porichthys
pauciradiatus, which has a single dorsal procurrent fin ray (14 total caudal fin rays), and P.
greenei, which species has 12 caudal-fin rays arranged mostly in 10 principal rays (I, 4, 4, I)
and one dorsal and ventral procurrent rays (individual variation in the number of principals
but not in the total; see Tab. 2).
Thalassophryninae has the most variation in caudal-fin ray counts. The total counts
vary from 11 to 16, with a distinct pattern for each species. Species of Thalassophryne have
13-14 rays in the principal series and 16 total caudal-fin rays (except T. amazonica), although
the arrangement differs between these species. Thalassophryne maculosa has 13 principal fin
rays (formula I, 5, 6, I), two dorsal and one ventral procurrent fin ray. Most specimens of T.
natteri have 12 rays in the principal series (I, 5, 5, I) and have two dorsal and two ventral
procurrent rays; a single specimen (MZUSP 47283, 70.4 mm SL) was found to have 14
principal fin rays (I, 6, 6, I), but with a single dorsal and ventral procurrent ray.
Thalassophryne amazonica has 11 principal fin rays (I, 4, 5, I), without any procurrent fin
rays. The genus Daector also consistently has 11 fin rays in the principal series (I, 4, 5, I) and
two dorsal procurrent fin rays. Variation, however, occurs in the ventral procurrent series.
Most specimens of D. dowi have two ventral procurrent fin rays, whereas D. reticulata has a
single ventral procurrent ray. Due to the wide distribution of six and seven dorsal principal
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caudal-fin rays in most of subfamilies of Batrachoidiformes, the lower number of dorsal
principal caudal-fin rays could be tentatively interpreted as a synapomorphy of
Thalassophryne amazonica and Daector (five are present otherwise only in Porichthys
greenei), rendering Thalassophryne paraphyletic.
Triathalassothia argentina has a unique caudal-fin ray count, which are higher than
the observed in all other species of Batrachoidiformes (Tab. 4). There are 23 caudal-fin rays,
with 17 in the principal series (I, 8, 7, I) and three dorsal and ventral procurrent rays. The
same number of principal fin rays and principal formula was proposed by Johnson &
Patterson (1993, originally for Percomorpha) and Wiley & Johnson (2010) as a
synapomorphy of Percomorphacea. This suggests that the arrangement of the principal series
in T. argentina is plesiomorphic in Batrachoidiformes. If this is correct, all Batrachoidiformes
except T. argentina share a reduction of at least one dorsal principal fin ray, from nine rays
articulating with the dorsal hypural to eight or fewer. This results in a reduction of the total of
principal rays from 17 in T. argentina to 16 or fewer in all other Batrachoidiformes.
However, it is unclear if there was a sequential series of losses or if the different counts of
principal caudal fins observed in most Halophryninae (except Triathalassothia),
Batrachoidinae, Thalassophryninae and Porichthyinae arose independently. It is also not
possible to infer the homology of each individual caudal-fin ray. Although they all share a
reduced number of principal rays (in contrast to Triathalassothia argentina), there is no
information on which fin ray was lost or whether the relative position of each fin ray to the
hypurals is constant during the evolution of Batrachoidiformes. Triathalassothia argentina is
also unique by having higher total caudal fin counts (23) than all other Batrachoidiformes.
The significance of this count, however, is unclear. The variation observed in the examined
outgroups is as high as observed in Batrachoidiformes and a deeper investigation on counts
of procurrent fin rays is needed to polarize this character within Batrachoidiformes.
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SUMMARY
1.

The caudal skeleton of Batrachoidiformes was consistently found to have two ural

centra, two epurals and two triangular hypurals, as found in previous studies (Rosen &
Patterson, 1969; Patterson & Rosen, 1989; Greenfield et al., 2008). The dorsal hypural is
fused to the second ural centrum; the parhypural fuses to the ventral hypural during ontogeny.
Porichthys pauciradiatus was the only species of Batrachoidiformes that varied from this
general outline, having a single epural.

2.

Distal caudal radial cartilages are described for the first time in Batrachoidiformes.

Post-neural spine cartilage of the second preural centrum was found in Batrachomoeus
dubius, Chatrabus hendersoni, Halobatrachus didactylus and Opsanus beta. Post-haemal
cartilages of the second preural were present in Porichthys notatus and Daector dowi.
Opsanus tau and Batrachoides pacifici have a post-epural cartilage on the anterior epural,
and Halobatrachus didactylus, Chatrabus hendersoni, Batrachoides gilberti and Opsanus tau
have a radial cartilage tentatively identified a post-parhypural cartilage, supporting
ventralmost procurrent caudal rays.

3.

The epurals and the parhypural flange display a high level of intraspecific variation.

The shape of epurals varied greatly within species, being convex, concave, or straight (e.g.,
Daector dowi and Opsanus tau). Partial fusions between the epurals were observed in one
specimen of Opsanus tau and Allenbatrachus reticulatus, although all other examined
individuals had completely distinct epurals. Porichthys greenei is distinct among its
congeners by having flanges in the anterior epural. However, the shape of the flange varies
individually in P. greenei. Porichthys pauciradiatus is unique among Batrachoidiformes in
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having a single epural; however, the shape of the epural is distinct in each examined
specimen. The parhypural flange is highly variable as well. In most specimens examined the
shape of the flange varies individually.

4.

Despite the high level of individual variation observed in the shape of the parhypural

flange, this structure bears phylogenetic information. For example, Batrachoides goldmani
was found to have a very short parhypural flange that does not extend posteriorly beyond the
origin of the second ural centrum. Also, the articular edge of the parhypural flange in
Porichthyinae has an acute shape, forming a loose articulation to the haemal spine of the
second preural centrum; a unique characteristic of this subfamily. The parhypural flange of
the genus Porichthys is unique in having spines.

5.

Porichthyinae is unique among Batrachoidiformes by having a dorsal

prezygapophysis on the first ural centrum. The prominence of the process increases during
ontogeny and varies among species, but all species of Porichthyinae were found having a
dorsal prezygapophysis on the first ural centrum at some stage of the development.

6.

Thalassophryninae and the halophrynine genera Barchatus, Batrichthys, Bifax

Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus and Riekertia have a
hypurapophysis-like process projecting from the lateral surface of the first ural centrum.
Although this shared commonality is unique in Batrachoidiformes, hypurapophyses and
hypurapophysis-like processes are widespread in other orders of fishes. Given the position of
Batrachoidiformes in the phylogenetic hypothesis of Betancur-R et al. (2013), the presence of
the hypurapophysis-like process could be interpreted as a synapomorphy grouping these taxa.
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However, the polarity of this character and the relationship of Batrachoidiformes to other
fishes are in need of further scrutiny.

7.

The support of the dorsal procurrent rays by the anterior epural was found to have

three distinct conditions: a) anterior epural not supporting fin rays is present in Porichthyinae
and genus Thalassophryne; b) the anterior epural supporting a single fin ray, the anterior
procurrent ray in all Batrachoidinae, and the genera Daector (Thalassophryninae),
Allenbatrachus, Batrachomoeus, Batrichthys and Halophryine (Halophryininae); and c) the
anterior epural supporting the first and the second procurrent caudal-fin rays in all other
Halophryninae genera (Barchatus, Bifax, Chatrabus, Colletteichthys, Halobatrachus,
Perulibatrachus and Riekertia). The anterior epural of most examined outgroups either
supports one or two procurrent caudal-fin rays (if more than one epural is present).
Regardless of which character state is plesiomorphic (anterior epural supporting one or two
procurrent fin rays), an anterior epural that does not support any procurrent fin rays can be
interpreted as an apomorphic condition for Batrachoidiformes.

8.

Counts of caudal-fin rays are potentially phylogenetically informative at several

taxonomic levels. Porichthys greenei is unique in having of 12 caudal-fin rays.
Thalassophryne amazonica has 11 caudal-fin rays in the principal series, without any
procurrent fin ray. Eleven caudal-fin rays in the principal series (I, 4, 5, I) is shared by
Thalassophryne amazonica and species of Daector. Triathalassothia argentina has highest
count of caudal fin rays, with 23 rays, including 17 in the principal series (I, 8, 7, I), which is
the same principal formula that was considered to be a synapomorphy of Percomorphacea by
Wiley & Johnson (2010). All other species of Batrachoidiformes have five to eight dorsal
principal rays articulating with the dorsal hypural. Assuming that the principal count in
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Triathalassothia is plesiomorphic, the loss of at least one dorsal principal ray could be
interpreted as a synapomorphy grouping all other species of Batrachoidiformes.

CONCLUSIONS
The recognition of all types of morphological variation (sensu Grande, 2004; Hilton
& Bemis, 2012) is crucial in the construction of characters to avoid misleading phylogenetic
inferences. This understanding is achieved by an examination of a broad taxonomic sample
within the group of interest and multiple specimens of each species. In this regard, the
implementation of non-invasive techniques to observe morphology, such as CT-scanning,
allowed discerning intraspecific from phylogenetic variation even in rare species (e.g,
Perulibatrachus rossignoli). The description of morphology is as important as coding
characters, as these data will become the source of information for future studies. The
reduction of the morphological variation to states of explicit characters needs to be precise to
avoid erroneous assumptions of homology.
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APPENDIX 1. LIST OF EXAMINED MATERIAL
Batrachoidiformes
Batrachoidinae
Amphichthys cryptocentrus (4). Cleared-and-stained: USNM 144888, aprox 30.0 mm SL;
USNM 226515, 126.7 mm SL. CT-scanned: USNM 226515 (2), 151.5 mm SL, 145.7 mm
SL.

Batrachoides liberiensis (3). cleared-and-stained: USNM 219393 (2), 90.2 mm SL, 105.8
mm SL. CT-scanned: USNM 219393, 116.4 mm SL.

Batrachoides manglae (2). cleared-and-stained: USNM 226605, 20.4 mm SL. CT-scanned:
USNM 226605, 67.0 mm SL.

Batrachoides pacifici (6). cleared-and-stained: UF 227127 (4), 45.7 mm SL, 54.3 mm SL,
61.6 mm SL, 73.5 mm SL; USNM 144886(2), 36.1 mm SL, 46.8 mm SL. CT-scanned:
USNM 144886, 98.0 mm SL.

Batrachoides waltersi (3). cleared-and-stained: USNM 367548, 60.2 mm SL; USNM
369505, 47.8 mm SL. CT-scanned: USNM 367548, 150.9 mm SL.

Batrachoides boulengeri (2). cleared-and-stained: USNM 220127, 101.1 mm SL. CTscanned: USNM 220127, 129.6 mm SL.

Batrachoides gilberti (3). cleared-and-stained: FMNH 84549, 73.0 mm SL; UF 12013, 28.8
mm SL. CT-scanned: FMNH 84549, 80.8 mm SL
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Batrachoides goldmani (2). cleared-and-stained: USNM 219383, 72.6 mm SL. CT-scanned:
USNM 219383, 116.0 mm SL

Batrachoides surinamensis (3). cleared-and-stained: FMNH 88024, 76.9 mm SL; UF 23108,
113.2 mm SL. CT-scanned: UF 23108, 110.5 mm SL.

Opsanus beta (3). cleared-and-stained: UF89642, 38.1 mm SL; UF 153948, 60.5 mm SL,
75.8 mm SL.

Opsanus pardus (4). UF 153830, 52.1 mm SL; VIMS 38032, 57.4 mm SL; VIMS 38031,
86.6 mm SL. CT-scanned: VIMS 38033, 90.5 mm SL.

Opsanus phobetron. CT-scanned: UF 227128, 123.6 mm SL.

Opsanus tau (14). cleared-and-stained: VIMS 34755, 24.0 mm SL; VIMS 34756, 29.9 mm
SL; VIMS 34763, 32.4 mm SL; VIMS 34765, 75.9 mm SL; VIMS 34769, 28.3 mm SL;
VIMS 34770, 35.1 mm SL; VIMS 34771, 37.6 mm SL; VIMS 34772, 52.1 mm SL; VIMS
34778, 36.4 mm SL; VIMS 34781, 27.7 mm SL; VIMS 34782, 28.9 mm SL; VIMS 34783,
47.8 mm SL; VIMS 34783, 57.1 mm SL. Dry skeleton. VIMS uncat (approx. 230.0 mm SL).

Potamobatrachus trispinosus. cleared-and-stained: USNM 330064, 49.5 mm SL (paratype).

Sanopus astrifer. CT-scanned: USNM 209720, 246.2 mm SL.
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Sanopus barbatus (4). cleared-and-stained: MCZ 44549, 27.5 mm SL; SIO 67-45, 90 mm SL.
CT-scanned: MCZ 44550, 36.0 mm SL. X-ray: USNM 211322, 250.0 mm SL.

Sanopus reticulatus. CT-scanned: UF 112976, 205.0 mm SL.

Sanopus greenfieldorum. CT-scanned: USNM 415327, 24.6 mm SL.

Vladichthys gloverensis (5). cleared-and-stained: FMNH 104587, 39.3 mm SL; USNM
218916, 52.0 mm SL, 60.4 mm SL; USNM 267789, 19.2 mm SL. CT-scanned: USNM
267789, 50.0 mm SL

Porichthyinae
Aphos porosus (5). cleared-and-stained: USNM 309738 (4), 152.3 mm SL, 98.6 mm SL, 89.4
mm SL, 77.5 mm SL. CT-scanned: USNM 305005, 151.4 mm SL.

Porichthys bathoiketes. cleared-and-stained: UF 228539, 73.5 mm SL. CT-scanned: UF
12965 (paratype), 93.8 mm SL.

Porichthys greenei (6). cleared-and-stained: UF 226105 (5), 37.1 mm SL, 44.0 mm SL, 50.7
mm SL, 56.2 mm SL, 60.7 mm SL. CT-scanned: UF 226105, 64.9 mm SL

Porichthys margaritatus (11). cleared-and-stained: UF 226009 (5), 70.2 mm SL, 70.3 mm
SL, 78.8 mm SL, 89.4 mm SL, 99.2 mm SL; USNM 101730 (5), 19.3 mm SL, 27.9 mm SL,
33.4 mm SL, 39.2 mm SL, 41.3 mm SL. CT-scanned: UF 225009, 121.8 mm SL
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Porichthys notatus (5). cleared-and-stained: FMNH 122401, 120.24 mm SL; USNM 104530
(2), 98.2 mm SL, 98.3 mm SL; VIMS 38017, 84.0 mm SL; VIMS 38018, 84.8 mm SL.
Ontogenetic series: 31 specimens of size ranging from 5.4 to 21.5 mm TL. VIMS 40257, 6.5
mm TL (no SL); VIMS 40258, 15.8 mm TL (14.3 mm SL); VIMS 40259, 14.6 mm TL
(13.12 mm SL); VIMS 40260, 18.4 mm TL (16.1 mm SL); VIMS 40261, 18.5 mm TL (16.3
mm SL); VIMS 40262, 7.11 mm TL (no SL); VIMS 40263, 6.8 mm TL (no SL); VIMS
40264, 21.64 mm TL (18.6 mm SL); VIMS 40265, 17.4 mm TL (15.4 mm SL); VIMS
40266, 12.9 mm TL (11.9 SL); VIMS 40267, 11.4 mm TL (10.6 mm SL); VIMS 40268, 10.8
mm TL (10 mm SL); VIMS 20469, 13.1 mm TL (11.8 mm SL); VIMS 40270, 15.4 mm TL
(14.3 mm SL); VIMS 40271, 15.2 mm TL (13.7 mm SL); VIMS 40272, 11.7 mm TL (10.9
mm SL); VIMS 40273, 10.3 mm TL (9.7 mm SL); VIMS 40274, 6.8 mm TL (no SL); VIMS
40275, 8.4 mm TL (no SL); VIMS 40276, 12.5 mm TL (11.5 mm SL); VIMS 40277, 9.8 mm
TL (no SL); VIMS 40278, 8.7 mm TL (no SL); VIMS 40279, 8.3 mm TL (no SL); VIMS
40280, 8.4 mm TL (no SL); VIMS 40281, 7.8 mm TL (no SL); VIMS 40282, 6.2 mm TL (no
SL); VIMS 40283, 7.3 mm TL (no SL); VIMS 40284, 7.9 mm TL (no SL); VIMS 40285, 6
mm TL (no SL); VIMS 40286, 6.4 mm TL (no SL); VIMS 40287, 5.4 mm TL (no SL).

Porichthys pauciradiatus (2). cleared-and-stained: UF 226549, 44.6 mm SL. CT-scanned: UF
226549, 50.3 mm SL.

Porichthys cf. plectrodon: USNM 302134 (5), 48.7 mm SL, 53.5 mm SL, 56.1 mm SL, 58.6
mm SL, 75.5 mm SL, 77.6 mm SL.

Porichthys plectrodon/porosissimus (5). MZUSP 45398, 35.0 mm SL, 40.0 mm SL; VIMS
1132, 55.7 mm SL, 81.5 mm SL. CT-scanned: MCZ 170729, 150.8 mm SL.
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Thalassophryninae
Daector dowi (12). cleared-and-stained: UF 226263 (9), 43.1 mm SL, 47.9 mm SL, 60.0 mm
SL, 65.2 mm SL, 73.1 mm SL, 73.7 mm SL, 82.3 mm SL, 84.0 mm SL; 89.6 mm SL; USNM
206532 (2), 59.7 mm SL, 79.1 mm SL. CT-scanned: UF 226263, 105.7 mm SL

Daector reticulata. CT-scanned: UF 225055, 144.0 mm SL.

Thalassophryne amazonica (2). cleared-and-stained: ANSP 178103, 76.8 mm SL. CTscanned: ANSP 178103, 94.3 mm SL.

Thalassophryne natteri (4). cleared-and-stained: MZUSP 47262, 114.8 mm SL; MZUSP
47283, 70.4 mm SL; USNM 302333, 69.4 mm SL. CT-scanned: USNM 302333, 113.0 mm
SL.

Thalassophryne maculosa (5). USNM 199524 (2), 64.4 mm SL, 84.2 mm SL; USNM 200558
(2), 26.0 mm SL, 36.1 mm SL. CT-scanned: USNM 200558, 137.6 mm SL.

Halophryninae
Allenbatrachus grunniens. cleared-and-stained: FMNH 51762, 114.3 mm SL.

Allenbatrachus reticulatus (3). cleared-and-stained: FMNH 47420, 94.6 mm SL; USNM
333283, 45.8 mm SL (c&s). CT-scanned: USNM 333283, 61.4 mm SL.

Barchatus cirrhosus. CT-scanned: USNM 221140, 133.9 mm SL.

	
  

74	
  

Barchatus indicus. CT-scanned: USNM 305979, 128.6 mm SL (holotype).

Batrachomoeus dahli. CT-scanned: AMI 13282, 49.2 mm SL.

Batrachomoeus dubius (5). cleared-and-stained: AMI 17793-002, 114.5 mm SL; AMI 20605009 (2), 119.1 mm SL, 114.9 mm SL; CSIRO CA 1223, 78.9 mm SL. CT-scanned: CSIRO
CA-550, 119.5 mm SL.

Batrachomoeus occidentalis. CT-scanned: AMI 18472-002 (paratype), 65.3 mm SL.

Batrachomoeus rubricephalus. CT-scanned: AMI 18473-001 (paratype), 220.8 mm SL.

Batrachomoeus trispinosus (3). cleared-and-stained: AMI 15557-280, 116.1 mm SL; CSIRO
A-2185, 33.1 mm SL; USNM 423891, 105.7 mm SL. CT-scanned: USNM 423891, 128.5
mm SL.

Batrichthys apiatus (3). cleared-and-stained: SAIAB 12728, 52.8 mm SL; SAIAB 70353,
72.0 mm SL. CT-scanned: SAIAB 12736, 46.3 mm SL.

Bifax lacinia. CT-scanned: CAS 81232 (paratype), 232.1 mm SL.

Chatrabus hendersoni. CT-scanned and cleared-and-stained: SAIAB 70864, 110.9 mm SL.
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Chatrabus melanurus (2). cleared-and-stained: SAIAB 13859, 18.3 mm SL. CT-scanned:
USNM 325744, 156.4 mm SL.

Colletteichthys dussumieri (2). cleared-and-stained: USNM 226512, 84.5 mm SL. CTscanned: UF 146291, 101.6 mm SL.

Colletteichthys occidentalis (2). cleared-and-stained: USNM 147914, 45.0 mm SL. CTscanned: USNM 147914, 104.4 mm SL.

Halobatrachus didactylus (5). cleared-and-stained: UF 216854, 81.0 mm SL; USNM 205066
(2), 59.5 mm SL, 68.1 mm SL. CT-scanned: CAS 234463, 75.3 mm SL; USNM uncat HABst53, 120.0 mm SL.

Halophryne diemensis (5). cleared-and-stained: AMI 6162, 100.0 mm SL; AMI 23930-001,
24.0 mm SL; USNM 174023, 113.8 mm SL; USNM 174024, 55.7 mm SL. CT-scanned:
CSIRO H-4155, 86.4 mm SL.

Halophryne hutchinsi. X-ray: USNM 219717, 96.0 mm SL.

Halophryne occellatus (3). cleared-and-stained: H-3253-06, 25.1 mm SL. CT-scanned:
CSIRO C2767, 58.7 mm SL, H2784-10, 41.9 mm SL.

Halophryne queenslandiae (2). CT-scanned: AMI 9500, 117.5 mm SL; CSIRO C2824, 178.3
mm SL.
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Perulibatrachus aquilonarius. CT-scanned: CAS 231001, 245.0 mm SL.

Perulibatrachus rossignoli (4). CT-scanned: CAS 225368 (2), 154.0 mm SL, 111.4 mm SL
FMNH 117453, 167.4 mm SL; SAIAB 67750, 146.6 mm SL.

Riekertia ellisi. CT-scanned: SAIAB 12739, 233.2 mm SL.

Triathalassothia argentina (2). cleared-and-stained: USNM 214438, 100.0 mm SL. CTscanned: USNM 214438, 104.6 mm SL

Outgroups (51 spp).
Ammodytidae.
Ammodytes hexapterus (2). cleared-and-stained: VIMS 38003, 78.5 mm SL, VIMS 38004,
85.0 mm SL.

Aulorhynchidae.
Aulorhynchus flavidus. cleared-and-stained: VIMS 38002, 78.8 mm SL

Bathymasteridae.
Bathymaster leurolepis. CT-scanned: UW 47989, 127.0 mm SL
Ronquilus jordani. CT-scanned: VIMS 31082, 143.0 mm SL

Blenniidae.
Chasmodes bosquianus. cleared-and-stained: VIMS 38038, 70.2 mm SL
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Callionymidae
Callionymus japonicus. cleared-and-stained: USNM 342662, approx. 60.0 mm SL.
Synchiropus punctatus. cleared-and-stained: USNM 342665, caudal skeleton only.

Carangidae.
Selene setapinnis. VIMS 38001, 44.5 mm SL

Centrarchidae.
Ambloplites rupestris. cleared-and-stained: VIMS 2363, 123.0 mm SL
Lepomis sp. cleared-and-stained: VIMS 38044, 52.9 mm SL

Cottidae.
Artedius fenestralis. cleared-and-stained: VIMS 38006, 42.5 mm SL.
Enophrys bison. cleared-and-stained: VIMS 38008, 27.5 mm SL
Myoxocephalus polyacanthocephalus. cleared-and-stained: VIMS 38013, 36.8 mm SL

Clupeiformes
Clupeidae. Clupea harengus. cleared-and-stained: VIMS 38007, 71.1 mm SL
Engraulidae. Anchoa mitchilli (3). cleared-and-stained: VIMS 38023, 54.6 mm SL; VIMS
38024, 50.7 mm SL; VIMS 38025, 41.3 mm SL

Dactylopteridae.
Dactylopterus volitans. cleared-and-stained: VIMS 04951, 45.5 mm SL

Dactyloscopidae.
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Dactyloscopus tridigitatus. cleared-and-stained: MZUSP uncat, 53.5 mm SL

Draconettidae.
Centrodraco oreganus. cleared-and-stained: USNM 159234, 76.5 mm SL

Ephippidae.
Chaetodipterus faber. cleared-and-stained: VIMS 8021, 44.1 mm SL

Epigonidae.
Epigonus pandonius. cleared-and-stained: VIMS 7468, 119.0 mm SL

Gadiformes
Gadidae.
Microgadus proximus. cleared-and-stained: VIMS 38012, 50.0 mm SL

Phycidae.
Urophycis tenuis. cleared-and-stained: VIMS 4148 (2), 59.3 mm SL, 49.6 mm SL

Gerreidae.
Eucinostomus argenteus. cleared-and-stained: VIMS 8091, 62.5 mm SL

Gobiesocidae
Gobiesox meandricus. CT-scanned: FHL uncat, 79.0 mm SL
Gobiesox strumosus. cleared-and-stained: VIMS 38039, 58.1 mm SL
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Gobiidae.
Gobiosoma bosc. cleared-and-stained: VIMS 38040, 30.8 mm SL

Hexagrammidae.
Hexagrammos stelleri. cleared-and-stained: VIMS 38009, 104.0 mm SL

Labridae.
Tautoga onitis. cleared-and-stained: VIMS 533, 70.4 mm SL

Liparidae.
Liparis inquilinus. cleared-and-stained: VIMS 1670, 40.0 mm SL.
Liparis dennyi. cleared-and-stained: VIMS 38060, 62.0 mm SL.

Antennariidae.
Histrio histrio. cleared-and-stained: USNM 269469 (2), 52.0 mm SL, 54.1 mm SL

Lophiidae.
Lophius americanus. cleared-and-stained: VIMS 3267, 80.0 mm SL
Lophiomus setigerus. cleared-and-stained: USNM 216983, 137.0 mm SL

Ophidiidae.
Acanthonus armatus. cleared-and-stained: VIMS 7050, 124.9 mm SL
Ophidion grayi. cleared-and-stained: VIMS 7445, 78.3 mm SL
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Pholidae.
Apodichthys fucorum. cleared-and-stained: VIMS 38005, 61.6 mm SL
Pholis laeta. cleared-and-stained: VIMS 38015, 94.2 mm SL

Achiridae.
Trinectes maculatus. cleared-and-stained: VIMS 38037, 57.9 mm SL

Cynoglossidae.
Symphurus sp. cleared-and-stained: VIMS 38022, 59.7 mm SL

Pleuronectidae
Parophrys vetulus. cleared-and-stained: VIMS 38014, 60.3 mm SL
Isopsetta isolepis. cleared-and-stained: VIMS 38010, 102.5 mm SL

Sciaenidae
Bairdiella crysoura. cleared-and-stained: VIMS 38027 (7, developmental series), from 4.2 to
10.1 mm SL

Menticirrhus americanus. cleared-and-stained: VIMS 38029, 36.0 mm SL

Micropogonias undulatus. cleared-and-stained: VIMS 38041 (7, developmental series), from
8.2 to 27.2 mm SL; VIMS 38028 (7, developmental series), from 9.4 to 14.0 mm SL

Triglidae.
Prionotus carolinus. cleared-and-stained: VIMS 38030, 48.3 mm SL
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Scaridae.
Scarus iseri. cleared-and-stained: VIMS 25137, 29.7 mm SL

Stichaeidae.
Bryozoichthys marjorius. CT-scanned: VIMS 14137, 176.8 mm SL
Lumpenus sagitta (1). cleared-and-stained: VIMS 38011, 77.5 mm SL
Xiphister mucosus. cleared-and-stained: VIMS 38021, 55.6 mm SL

Stromateidae.
Peprilus triacanthus. cleared-and-stained: VIMS 38000, 42.0 mm SL

Syngnathidae
Syngathus sp. cleared-and-stained: VIMS 38026, 35.0 mm SL
Syngnathus leptorhynchus. cleared-and-stained: VIMS 38019, 142.1 mm SL; VIMS 38020,
144.2 mm SL

Tetraodontidae.
Lagocephalus laevigatus. cleared-and-stained: VIMS 38034, 20.7 mm SL; VIMS 38035, 33.8
mm SL

Zoarcidae.
Zoarces americanus. cleared-and-stained: VIMS 7640, 150.0 mm SL
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TABLES
Table 1. Meristics of the caudal skeleton of Batrachoidinae. Columns “Dorsal Hypural” and “Ventral Hypural” indicate the number and type of
fin ray supported by each hypural. Columns “Epural 1” and “Epural 2” represent the number of procurrent fin rays supported by the anterior and
posterior epurals, respectively. Abbreviations. Br, Branched caudal-fin ray; n, number of specimens examined; NBr, Caudal-fin rays not
branched (includes principal and procurrent).

	
  

Taxon

n

Character
Principal

Genus Amphichthys
A. cryptocentrus

3

Genus Batrachoides
B. pacifici
B. manglae
B. boulengeri
B. surinamensis
B. goldmani
B. gilberti
B. waltersi
B. liberiensis

Dorsal Procurrent

Ventral Procurrent

Total

Dorsal Hypural

Ventral Hypural

Epural 1

Epural 2

[I, 5, 6, I] – [I, 6, 6, I]

2–3

1–2

17 – 18

[5Br+2Nbr] – [6Br+2Nbr]

[6Br] – [6Br+1Nbr]

1

1–2

6
3
2
2
2
3
3
3

[I, 6, 6, I] – [I, 6, 7, I]
[I, 6, 6, I]
[I, 5, 6, I] – [I, 6, 6, I]
[I, 6, 6, I]
[I, 6, 6, I]
[I, 5, 5, I] – [I, 6, 6, I]
[I, 6, 6, I]
[I, 6, 5, I] – [I, 7, 6, I]

2
2
2–3
2
2
2–3
2
1–2

1–2
2
2
2
1–2
2–3
2
2–3

18
18
18
18
17 – 18
18
18
18

1
1
1
1
1
1
1
0–1

1–2
2
2
2
1
1
1–2
1–2

Genus Opsanus
O. beta
O. pardus
O. tau

3
2
12

[I, 5, 6, I] – [I, 6, 7, I]
[I, 6, 5, I] – [I, 6, 6, I]
[I, 5, 6, I] – [I, 6, 6, I]

2–3
2
2

1–2
2
2

17 – 19
17 – 18
17 – 18

[5Br] – [6Br + 1Nbr]
[6Br]
[6Br] – [6Br+1NBr]

[6Br+1NBr] – [7Br]
[6Br+1NBr]
[6Br+1NBr] – [6Br+2NBr]

1–2
1–2
1

1
1
1–2

Genus Potamobatrachus
P. trispinosus

1

[I, 6, 6, I]

2

1

17

[6Br]

[6Br+1NBr]

1

2

Genus Sanopus
S. astrifer
S. barbatus
S. reticulatus

1
3
1

[I, 6, 6, I]
[I, 6, 6, I]
[I, 6, 6, I]

3
1–2
1

1
2
2

18
17 – 18
17

[6Br+1NBr]
[6Br] – [6Br+1NBr]
[6Br+1NBr]

[6Br+1NBr]
[6Br+1NBr]
[6Br+1NBr]

1
1
1

2
1
1

Genus Vladichthys
V. gloverensis

5

[I, 6, 6, I] – [I, 6, 7, I]

1–2

0–1

16 – 17

[6Br] – [6Br+1NBr]

[6Br+1NBr] – [7Br]

0–1

1–2

[6Br] – [6Br+1Nbr]
[6Br+1Nbr] – [7Br]
[6Br]
[6Br+1Nbr]
[6Br]
[6Br+1Nbr]
[6Br]
[6Br+1Nbr]
[6Br+1Nbr]
[6Br+1Nbr]
[5Br + 1NBr] – [6Br+ 1NBr] [5Br + 1NBr] – [6Br+ 1NBr]
[6Br]
[6Br+1Nbr]
[6Br] – [7Br]
[5Br+2Nbr] – [6Br+1NBr]
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Table 2. Meristics of the caudal skeleton of Porichthyinae. Columns “Dorsal Hypural” and “Ventral Hypural” indicate the number and type of
fin ray supported by each hypural. Columns “Epural 1” and “Epural 2” represent the number of procurrent fin rays supported by the anterior and
posterior epurals, respectively. Abbreviations. Br, Branched caudal-fin ray; n, number of specimens examined; NBr, Caudal-fin rays not
branched (includes principal and procurrent).

Character

	
  

Taxon

n

Principal

Dorsal Procurrent Ventral Procurrent

Genus Aphos
A. porosus

2

[I, 5, 5, I]

2

Genus Porichthys
P. bathoiketes
P. greenei
P. margaritatus
P. notatus
P. pauciradiatus
P. cf plectrodon (USNM 302134)
P. porosissimus/plectrodon

2
5
10
3
1
6
6

[I, 5, 5, I]
[I, 4, 4, I] – [I, 5, 4, I] or [I, 4, 5, I]
[I, 5, 5, I]
[I, 5, 5, I]
[I, 5, 5, I]
[I, 5, 5, I]
[I, 5, 5, I]

2
0–1
2
2
1
2
2

Total

Dorsal Hypural

Ventral Hypural

Epural 1

Epural 2

1

15

[5Br+1NBr]

[5Br+1NBr]

0

2

1
0–1
1
1
1
1
1

15
12
15
15
14
15
15

0
0
0
0
0
0
0

2
1
1–2
2
1
1–2
2
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[5Br+1NBr]
[5Br+1NBr]
[4Br+1Nbr] – [5Br]
[4Br+1Nbr] – [5Br]
[5Br+1NBr] – [5Br+2NBr]
[5Br+1NBr]
[5Br+1NBr]
[5Br+1NBr] – [5Br+2NBr]
[5Br+1NBr]
[5Br+1NBr]
[5Br+1NBr] – [5Br+1NBr]
[5Br+2NBr]
[5Br+1NBr]
[5Br+1NBr] – [5Br+2NBr]

Table 3. Meristics of the caudal skeleton of Thalassophryninae. Columns “Dorsal Hypural” and “Ventral Hypural” indicate the number and type
of fin ray supported by each hypural. Columns “Epural 1” and “Epural 2” represent the number of procurrent fin rays supported by the anterior
and posterior epurals, respectively. Abbreviations. Br, Branched caudal-fin ray; n, number of specimens examined; NBr, Caudal-fin rays not
branched (includes principal and procurrent). Asterisks indicate occurrence in a single specimen.

	
  

Taxon

n

Character
Principal

Genus Daector
D. dowi
D. reticulata

9
1

[I, 4, 5, I] – [I, 5, 5, I]*
[I, 4, 5, I]

1* – 3* (2)
2

Genus Thalassophryne
T. amazonica
T. maculosa
T. natteri

2
5
4

[I, 4, 5, I]
[I, 5, 6, I]
[I, 5, 5, I] – [I, 6, 6, I]*

0
2
1* – 2

Dorsal Procurrent Ventral Procurrent

Total

Dorsal Hypural

Ventral Hypural

Epural 1

Epural 2

2
1

15
14

[4Br+1Nbr] – [5Br+1NBr]
[4Br+1Nbr]

[5Br+2Nbr]
[5Br+2Nbr]

1–2
1

0–1
1

0
1–2
1–2

11
16
16

[4Br]
[5Br+1NBr]
[5Br+1NBr]

[5Br+1Nbr]
[5Br+1NBr] – [6Br+1NBr]
[5Br+1NBr] – [5Br+2NBr]

0
0
0 – 1*

1
2
1* – 2

85	
  

Table 4. Meristics of the caudal skeleton of Halophryninae. Columns “Dorsal Hypural” and
“Ventral Hypural” indicate the number and type of fin ray supported by each hypural.
Columns “Epural 1” and “Epural 2” represent the number of procurrent fin rays supported by
the anterior and posterior epurals, respectively. Abbreviations. Br, Branched caudal-fin ray;
n, number of specimens examined; NBr, Caudal-fin rays not branched (includes principal and
procurrent). Asterisks indicate occurrence in a single specimen.

	
  

Character
Principal

Taxon

n

Genus Allenbatrachus
A. grunniens
A. reticulatus

Dorsal Procurrent Ventral Procurrent

Total

Dorsal Hypural

Ventral Hypural

Epural 1

Epural 2

1
3

[I, 6, 7, I]
[I, 6, 6, I]

1
2

1
2

17
18

[6Br+1NBr]
[6Br] – [6Br+1NBr]

[7Br+1NBr]
[6Br+2NBr]

1
1

1
1–2

Genus Halophryne
H. diemensis
H. hutchinsi
H. ocellatus
H. queenslandiae

4
1
2
2

[I, 5, 5, I] – [I, 6, 6, I]
[I, 6, 6, I]
[I, 6, 6, I]
[I, 6, 6, I]

2–3
2
2
2

2–3
2
2
2

18
18
18
18

[5Br+2NBr] – [6Br+1NBr] [5Br+2NBr] – [6Br+2NBr]
[6Br]
[6Br+1NBr]
[6Br]
[6Br+1NBr]
[6Br] – [6Br+1NBr]
[6Br+1NBr]

1
1
1
1

1
2
2
2

Genus Batrachomeus
B. dahli
B. dubius
B. occidentalis
B. rubricephalus
B. trispinosus

1
5
1
1
3

[I, 6, 6, I]
[I, 6, 5, I] – [I, 6, 7, I]
[I, 6, 5, I]
[I, 5, 6, I]
[I, 6, 6, I] – [I, 7, 7, I]

2
1–2
1
3
2–3

2
0–2
2
2
1–3

18
16 – 18
16
18
19 – 20

[6Br+1NBr]
[6Br+2NBr]
[6Br]
[5Br+NBr] – [6Br+2NBr]
[6Br+1NBr]
[5Br+2NBr]
[5Br+2NBr]
[6Br+2NBr]
[6Br+1NBr] – [7Br+1NBr] [6Br+3NBr] – [7Br+1NBr]

1
0* – 1
1
1
1

1
1–2
1
1
1–2

Genus Batrichthys
B. apiatus
Genus Barchatus
B. cirrhosus
B. indicus

3

[I, 6, 6, I]

2–3

2

18 – 19

[6Br] – [6Br+1NBr]

[6Br+1NBr]

1

1–2

1
1

[I, 6, 7, I]
[I, 6, 7, I]

3
3

2
2

20
20

[6Br+1NBr]
[6Br]

[7Br]
[7Br]

2
2

2
2

Genus Bifax
B. lacinia

1

[I, 6, 7, I]

3

2

20

[6Br]

[7Br+1NBr]

2

2

Genus Chatrabus
C. melanurus
C. hendersoni

2
1

[I, 6, 6, I]
[I, 6, 6, I]

3
3

3
3

20
20

[6Br] – [6Br+1NBr]
[6Br]

[6Br+1NBr]
[6Br+1NBr]

2–3
2

1
2

Genus Colletteichthys
C. dussumieri
C. occidentalis

2
2

[I, 6, 6, I]
[I, 6, 6, I] – [I, 7, 7, I]

3
2–3

2–3
2–3

19 – 20
20

[6Br]
[6Br]

[6Br+1NBr]
[6Br+1NBr]

2–3
2

1
2

Genus Halobatrachus
H. didactylus

5

[I, 5, 5, I]* – [I, 7, 7, I]

2 – 4*

2 – 4*

20

2

1–2

Genus Perulibatrachus
P. rossignoli
P. aquilonarius

3
1

[I, 6, 6, I] – [I, 6, 7, I]
[I, 6, 6, I]

3
3

2–3
3

20
20

[6Br+1NBr]
[6Br+1NBr]

[6Br + 1NBr] – [7Br+1NBr]
[6Br+2NBr]

2
2

1
1

Genus Riekertia
R. ellisi

1

[I, 6, 6, I]

3

3

20

[6Br+1NBr]

[6Br+1NBr]

2

1

Genus Triathalassothia
T. argentina

1

[I, 8, 7, I]

3

3

23

[8Br]

[7Br+2NBr]

2

2
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[5Br+1NBr] – [7Br + 1NBr] [5Br+3NBr] – [7Br + 1NBr]

FIGURES

Fig. 1. Representatives of the four subfamilies of Batrachoidiformes. A, Vladichthys
gloverensis, USNM 218916, 60.39 mm SL (Batrachoidinae). B, Porichthys notatus, VIMS
38017, 84.0 mm SL (Porichthyinae). C, Thalassophryne natteri, MZUSP 47283, 70.4 mm SL
(Thalassophryninae). D, Batrichthys apiatus, SAIAB 70353, 72 mm SL (Halophryninae). E,
Live adult specimen of Opsanus tau (Batrachoidinae) from the aquarium of the Virginia
Institute of Marine Science. F, Live adult specimen of Porichthys notatus (Porichthyinae)
photographed in the field from Seal Rock Campground, Brinnon, WA, USA.
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Fig. 2. Generalized caudal skeleton of Batrachoidiformes, represented by Opsanus tau. A, B
(VIMS 34763, 32.4 mm SL); and C, VIMS 34782 (28.9 mm SL). Abbreviations. aep,
articular edge of the parhypural flange; dcr, distal caudal radial cartilage; dhy, dorsal hypural;
ep, epural; fcv, foramen from where blood vessels exit into caudal region; hspu, haemal spine
of preural vertebra; mr, middle radial; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pr, proximal radial; pro, procurrent caudal-fin ray; pu, preural
centrum; vhy, ventral hypural; u, ural centrum. Scale bar 0.5 mm
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Fig. 3. Early development of the caudal skeleton of Porichthys notatus. A, VIMS 40257, 6.5
mm TL (no SL). B, VIMS 40274, 6.8 mm TL (no SL). C, VIMS 40283, 7.3 mm TL (no SL).
D, VIMS 40281 7.8 mm TL (no SL). E, VIMS XXX, 7.3 mm TL (no SL). F, VIMS 40279,
8.3 mm TL (no SL). G, VIMS 40278, 8.7 mm TL (no SL). H, VIMS 40277, 9.8 mm TL (no
SL). I, VIMS 40273, 10.3 mm TL (9.7 mm SL). Asterisk indicates the foramen from where
the caudal vessels exit. Abbreviations. acc, arcocentrum; ar-phy, arch of parhypural; au,
autocentrum; cbv, caudal blood vessels; dhy, dorsal hypural; ep, epural; fr, fin rays; hspu,
haemal spine of preural vertebra; mr, middle radial; nspu, neural spine of preural vertebra;
phf, parhypural flange; phy, parhypural; pu, preural centrum; vhy, ventral hypural; u, ural
centrum. Scale bar 0.1 mm.
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Fig. 4. Early development of the caudal skeleton of Porichthys notatus. A, VIMS 40268, 10.8
mm TL (10 mm SL). B, VIMS 40272, 11.7 mm TL (10.9 mm SL). C, VIMS 40267, 11.4 mm
TL (10.6 mm SL). D, VIMS 40266, 12.9 mm TL (11.9 mm SL). E, VIMS 40276, 12.5 mm
TL (11.5 mm SL). F, VIMS 40270, 15.4 mm TL (14.3 mm SL). G, VIMS 40258, 15.8 mm
TL (14.3 mm SL). H, VIMS 40260, 18.4 mm TL (16.1 mm SL). I, VIMS 40264, 21.64 mm
TL (18.6 mm SL). Black arrows indicate the support for the anteriormost dorsal procurrent
fin ray. Abbreviations. au, autocentrum; dhy, dorsal hypural; ep, epural; fr, fin rays; hspu,
haemal spine of preural vertebra; mr, middle radial; nspu, neural spine of preural vertebra;
phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin ray; pu, preural centrum;
vhy, ventral hypural; u, ural centrum. Scale bar 0.1 mm.
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Fig. 5. Caudal skeleton of Batrachoidinae. A, Amphichthys cryptocentrus, USNM 226515
(126.7 mm SL). B, Batrachoides waltersi, USNM 367548 (60.2 mm SL). C, Opsanus
pardus, UF 153830 (52.1 mm SL). D, Potamobatrachus trispinosus, USNM 330064,
paratype (49.3 mm SL). E, Vladichthys gloverensis, USNM 267789 (19.2 mm SL). F,
Vladichthys gloverensis, USNM 219816 (52.0 mm SL). Abbreviations. dhy, dorsal hypural;
ep, epural; hspu, haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf,
parhypural flange; phy, parhypural; pro, procurrent caudal-fin ray; pu, preural centrum; spr,
spur; vhy, ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 6. Caudal skeleton of species of Batrachoides (Batrachoidinae). A, Batrachoides
pacifici, USNM 144886 (46.8 mm SL). B, Batrachoides pacifici, UF 227127 (61.6 mm SL).
C, Batrachoides gilberti, UF 12013 (28.7 mm SL). D, Batrachoides gilberti, FMNH 84549
(73.0 mm SL). E, Batrachoides manglae, 226605 (20.4 mm SL). F, Batrachoides
surinamensis, FMNH 88024 (76.9 mm SL). Abbreviations. dcr, distal caudal radial cartilage;
dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu, neural spine of
preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin ray; pu,
preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum. Scale bar 0.5 mm
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Fig. 7. Caudal skeleton of Batrachoides (Batrachoidinae). A, Batrachoides goldmani USNM
219383 (72.6 mm SL). B, CT-scan of caudal skeleton of specimen of Batrachoides goldmani
USNM 219383 (115.0 mm SL). C, Caudal skeleton of Batrachoides liberiensis USNM
219393 (105.8 mm SL) and higher magnification of dorsal region in D. Abbreviations. dhy,
dorsal hypural; efl, epural flange; ep, epural; hspu, haemal spine of preural vertebra; nspu,
neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent
caudal-fin ray; pu, preural centrum; vhy, ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 8. Caudal skeleton of Opsanus (Batrachoidinae). A, Opsanus pardus, VIMS 38031 (86.6
mm SL). B, Opsanus phobetron, UF 227128 (126.8 mm SL). C, O. beta, UF 89642 (38.1 mm
SL). D, Opsanus beta, UF 153948 (60.5 mm SL). Abbreviations. dcr, distal caudal radial
cartilage; dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu, neural
spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin
ray; pu, preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 9. Ontogenetic and individual variation in the caudal skeleton of Opsanus tau
(Batrachoidinae). A, VIMS 34755 (23.9 mm SL). B, VIMS 34781 (27.7 mm SL). C, VIMS
34756 (29.9 mm SL). D, VIMS 34784 (57.1 mm SL). Abbreviations. dcr, distal caudal radial
cartilage; dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu, neural
spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin
ray; pu, preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum. Asterisk indicates
the autogenous element between anterior and posterior epural. Scale bar 0.5 mm.
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Fig. 10. Caudal skeleton of the genus Sanopus (Batrachoidinae). A, Sanopus barbatus, MCZ
44549 (27.5 mm SL). B, Sanopus astrifer, USNM 209720 (249.9 mm SL). C, Sanopus
reticulatus, UF 112976 (200.7 mm SL). Abbreviations. dhy, dorsal hypural; ep, epural; hspu,
haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pro, procurrent caudal-fin ray; pu, preural centrum; vhy, ventral
hypural; u, ural centrum.
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Fig. 11. Caudal skeleton of the subfamily Porichthyinae. A, Porichthys notatus VIMS 38017
(84.0 mm SL). B, Porichthys bathoiketes UF 228539 (73.5 mm SL). C, Porichthys
margaritatus UF 226009 (99.2 mm SL). D, Porichthys porosissimus/plectrodon species
complex VIMS 1132 (55.7 mm SL). E, Porichthys pauciradiatus UF 226549 (44.6 mm SL),
unique for having a single epural. F, Aphos porosus USNM 309738 (152.3 mm SL). Asterisk
indicates the acute articular edge of parhypural flange, distinctive of the subfamily
Porichthyinae. Abbreviations. dcr, distal-caudal radial cartilage; dhy, dorsal hypural; dpo,
dorsal post-zygapophysis; dpz, dorsal prezygapophysis; ep, epural; hspu, haemal spine of
preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy,
parhypural; pro, procurrent caudal-fin ray; pu, preural centrum; spn, parhypural spines; spr,
spur; vhy, ventral hypural; vpo, ventral post-zygapophysis; vpz, ventral prezygapophysis; u,
ural centrum. Scale bar 0.5 mm
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Fig. 12. Morphological variation of the caudal skeleton of Porichthys greenei
(Porichthyinae), UF 226105. A, 37.1 mm SL. B, 50.7 mm SL. C, 56.2 mm SL. D, 60.7 mm
SL. Abbreviations. dhy, dorsal hypural; dpz, dorsal prezygapophysis; ep, epural; hspu,
haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pro, procurrent caudal-fin ray; pu, preural centrum; spn, parhypural
spines; spr, spur; vhy, ventral hypural; u, ural centrum. Scale bar 0.5 mm.
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Fig. 13. Morphological variation of the caudal skeleton of Porichthys margaritatus
(Porichthyinae). A, USNM 101730 (19.3 mm SL). B, USNM 101730 (41.3 mm SL). C, UF
226009 (70.2 mm SL). D, UF 226009 (89.4 mm SL). Abbreviations. dhy, dorsal hypural;
dpz, dorsal prezygapophysis; ep, epural; hspu, haemal spine of preural vertebra; nspu, neural
spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin
ray; pu, preural centrum; spn, parhypural spines; vhy, ventral hypural; vpz, ventral
prezygapophysis; u, ural centrum. Scale bar 0.5 mm.
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Fig. 14. Porichthys cf. plectrodon (Porichthyinae), USNM 302134. A, 48.7 mm SL. B, 53.5
mm SL. C, 58.6 mm SL. D, 75.5 mm SL. Note the hockey-stick shape of the posterior epural.
Asterisk indicates the proximal projection of the parhypural flange. Abbreviations. dhy,
dorsal hypural; dpz, dorsal prezygapophysis; ep, epural; hspu, haemal spine of preural
vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro,
procurrent caudal-fin ray; pu, preural centrum; spn, parhypural spines; vhy, ventral hypural;
vpo, ventral post-zygapophysis; vpz, ventral prezygapophysis; u, ural centrum. Scale bar 0.5
mm.
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Fig. 15. Caudal skeleton of the subfamily Thalassophryninae in lateral (A-D) and dorsolateral (E-F) views. A, Daector dowi (USNM 206532, 79.2 mm SL). B, E, Daector reticulata
(UF 225055, 144.0 mm SL). C, Thalassophryne natteri (MZUSP 47262, 114.8 mm SL).
Thalassophryne maculosa USNM 200558 in D (36.1 mm SL) and F (137.6 mm SL, CTscan). Abbreviations. dcr, distal-caudal radial cartilage; dhy, dorsal hypural; ep, epural; hspu,
haemal spine of preural vertebra; hyp, hypurapophysis-like process; nspu, neural spine of
preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin ray; pu,
preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 16. Morphological variation in the caudal skeleton of Daector dowi
(Thalassophryninae), in UF 226263 (A, B, D–F) and USNM 206532 (C). A, 43.1 mm SL. B,
47.9 mm SL. C, 59.7 mm SL. D, 60.0 mm SL. E, 84.0 mm SL. F, 89.6 mm SL.
Abbreviations. dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu,
neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro, procurrent
caudal-fin ray; pu, preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum. Scale bar
0.5 mm.

	
  

102	
  

Fig. 17. Caudal skeleton of Thalassophryne (Thalassophryninae). Thalassophryne natteri
USNM 302333 (A, 69.4 mm SL) and (B, 113.0 mm SL). Thalassophryne maculosa USNM
200558 (C, 26.0 mm SL; F, 137.6 mm SL) and USNM 199524 (D, 64.4 mm SL; E, 84.2 mm
SL). Abbreviations. dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra;
nspu, neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pro,
procurrent caudal-fin ray; pu, preural centrum; vhy, ventral hypural; u, ural centrum. Scale
bar 1 mm.
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Fig. 18. Caudal skeleton of Thalassophryne amazonica (Thalassophryninae). A, ANSP
178103 76.9 mm SL. B, ANSP 178103 94.3 mm SL. Asterisk indicates the posterior process
projecting from the parhypural margin. Abbreviations. dhy, dorsal hypural; ep, epural; hspu,
haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pu, preural centrum; vhy, ventral hypural; u, ural centrum. Scale bar
1 mm.
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Fig. 19. Caudal skeleton of Allenbatrachus (Halophryninae). A, Allenbatrachus grunniens
FMNH 51762 (114.3 mm SL). B-F, Allenbatrachus reticulatus USNM 33283 (B, E, 45.8 mm
SL; D, F, 61.4 mm SL) and FMNH 47420 (C; 94.6 mm SL). In (E), the asterisk indicates the
partial fusion between the anterior and posterior epurals. Abbreviations. dhy, dorsal hypural;
ep, epural; hspu, haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf,
parhypural flange; phy, parhypural; pu, preural centrum; spr, spur; vhy, ventral hypural; u,
ural centrum. Scale bar 1 mm.
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Fig. 20. Caudal skeleton of Barchathus (Halophryninae). A, C-D, Barchatus cirrhosus
USNM 221140 (133.9 mm SL) in overall (A) and higher magnification (C) of lateral view.
D, dorsolateral view highlighting the prominence of hypurapophysis-like process. B,
Barchatus indicus USNM 305979 (128.6 mm SL) in lateral view. Abbreviations. dhy, dorsal
hypural; dpz, dorsal prezygapophysis; ep, epural; hpr, hypurapophysis-like process; hspu,
haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pu, preural centrum; spr, spur; vhy, ventral hypural; vpz, ventral
prezygapophysis; u, ural centrum. Scale bar 1 mm.
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Fig. 21. Caudal skeleton of Batrachomoeus (Halophryninae). A-B, Batrachomoeus dubius
AMI 17793-002 (114.5 mm SL). C-D, Batrachomoeus trispinosus CSIRO A-2185 (C, 33.1
mm SL) and USNM 423891 (D, 105.7 mm SL). E, Batrachomoeus occidentalis AMI 18472001 (paratype, 65.3 mm SL). F, Batrachomoeus rubricephalus AMI 18473-001 (paratype,
220.8 mm SL). Abbreviations. dcr, distal caudal radial cartilage; dhy, dorsal hypural; ep,
epural; hspu, haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf,
parhypural flange; phy, parhypural; pu, preural centrum; vhy, ventral hypural; u, ural
centrum. Scale bar 1 mm.
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Fig. 22. Caudal skeleton of Batrichthys apiatus (Halophryninae). A, SAIAB 12728 (52.8 mm
SL). B, SAIAB 70353 (72.0 mm SL). In C, dorso-lateral view of specimen caudal skeleton of
specimen SAIAB 12728 underscoring the hypurapophysis-like process. Note that the anterior
epural articulates with a single procurrent fin ray. Abbreviations. dhy, dorsal hypural; dpz,
dorsal prezygapophysis; ep, epural; hpr, hypurapophysis-like process; hspu, haemal spine of
preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy,
parhypural; pu, preural centrum; vhy, ventral hypural; vpz, ventral prezygapophysis; u, ural
centrum. Scale bar 0.5 mm.
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Fig. 23. Genera of Halophryninae. A-B, Riekertia ellisi SAIAB 12739 (233.2 mm SL) and, in
C-D, Bifax lacinia CAS 81232 (232.1 mm SL), in lateral (A, C) and dorsolateral (B, D)
views. Abbreviations. dhy, dorsal hypural; ep, epural; hpr, hypurapophysis-like process;
hspu, haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; pu, preural centrum; spr, spur; vhy, ventral hypural; u, ural centrum.
Scale bar 1 mm.
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Fig. 24. Caudal skeleton of Chatrabus (Halophryninae). A-B, D, Chatrabus melanurus
SAIAB 13859 (A; 18.3 mm SL) and USNM 325744 (B, D; 156.4 mm SL). C, Chatrabus
hendersoni SAIAB 70864 (110.9 mm SL). In C, note the distal caudal cartilage of the neural
spine of the second preural centrum and of the parhypural supporting procurrent fin rays. D,
dorso-latero view of the caudal skeleton underscoring the prominence of the hypurapophysislike process. Abbreviations. dcr, distal caudal radial cartilage; dhy, dorsal hypural; dpz,
dorsal prezygapophysis; ep, epural; hpr, hypurapophysis-like process; hspu, haemal spine of
preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy,
parhypural; pu, preural centrum; spr, spur; vhy, ventral hypural; vpz, ventral
prezygapophysis; u, ural centrum. Scale bar 1 mm.
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Fig. 25. Caudal skeleton of Colletteichthys (Halophryninae). A, Colletteichthys dussumieri
USNM 226512 (84.5 mm SL). B-C, Colletteichthys occidentalis USNM 147914 (B,104.4
mm SL) and (C, 45.0 mm SL). Question mark indicates an autogenous element that
developed between the anterior and posterior epurals. Abbreviations. dhy, dorsal hypural;
dpz, dorsal prezygapophysis; ep, epural; hpr, hypurapophysis-like process; hspu, haemal
spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy,
parhypural; pu, preural centrum; spr, spur; vhy, ventral hypural; vpz, ventral
prezygapophysis; u, ural centrum. Scale bar 1 mm.
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Fig. 26. Caudal skeleton of Halobatrachus didactylus (Halophryninae). A-B, USNM 205066
(A, 59.5 mm SL) and (B, 68.1 mm SL). C, CAS 234463 (75.3 mm SL). D, UF 216854 (81.0
mm SL). Note the distal caudal cartilage of the neural spine of the second preural centrum in
(B). Abbreviations. dcr, distal caudal radial cartilage; dhy, dorsal hypural; dpz, dorsal
prezygapophysis; ep, epural; hpr, hypurapophysis-like process; hspu, haemal spine of preural
vertebra; nspu, neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pu,
preural centrum; spr, spur; vhy, ventral hypural; vpz, ventral prezygapophysis; u, ural
centrum. Scale bar 1 mm.
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Fig. 27. Caudal skeleton of Halophryne (Halophryninae). A-B, Halophryne diemensis AMI
23930-001 (A, 24.0 mm SL) and CSIRO H4155 (B, 86.4 mm SL). C-D, Halophryne
ocellatus CSIRO H3253-06 (C, 25.2 mm SL) and CSIRO C2767 (D, 58.7 mm SL). E-F,
Halophryne queenslandiae AMI 9500 (117.5 mm SL). In F, note the straight lateral margin
of the first ural centrum, without bearing a hypurapophysis-like process. Abbreviations. dhy,
dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu, neural spine of
preural vertebra; phf, parhypural flange; phy, parhypural; pu, preural centrum; spr, spur; vhy,
ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 28. Caudal skeleton of Perulibatrachus (Halophryninae). A-B, Perulibatrachus
aquilonarius CAS 231007 (245.0 mm SL). C-D, P. rossignoli FMNH 117453 (C, 167.4 mm
SL) and SAIAB 67750 (D, 146.6 mm SL). B, Dorsal region of the caudal skeleton
highlighting the support of the two anteriormost procurrent fin rays by the anterior epural.
Abbreviations. dhy, dorsal hypural; dpz, dorsal prezygapophysis; ep, epural; hpr,
hypurapophysis-like process; hspu, haemal spine of preural vertebra; nspu, neural spine of
preural vertebra; phf, parhypural flange; phy, parhypural; pu, preural centrum; spr, spur; vhy,
ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 29. Caudal skeleton of Triathalassothia argentina (Halophryninae). A-B, USNM
214438 (104.6 mm SL); and C, 100.0 mm SL. A, general lateral view of caudal region
showing the entire extent of caudal fin rays. B-C, Lateral view of caudal skeleton.
Abbreviations. dhy, dorsal hypural; ep, epural; hspu, haemal spine of preural vertebra; nspu,
neural spine of preural vertebra; phf, parhypural flange; phy, parhypural; pu, preural centrum;
vhy, ventral hypural; u, ural centrum. Scale bar 1 mm.
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Fig. 30. Morphological variation of hypurapophysis and hypurapophysis-like processes of the
caudal skeleton of Percomorphacea in dorsolateral (A–F) and dorsal views (G, H). A,
Gobiesox meandricus FHL uncat (79.0 mm SL, Gobiesocidae) represents the condition where
the hypurapophysis is absent. B, Ronquilus jordani VIMS 31082 (127.0 mm SL,
Bathymasteridae). C, Micropogonias undulatus VIMS 38041 (27.2 mm SL, Scianidae). D,
Artedius fenestralis VIMS 38006 (42.5 mm SL, Cottidae). E, G, Lophius americanus VIMS
3267 (80.0 mm SL, Lophiidae). Note the semi-circular shape of the hypurapophysis-like
process. F, H, Callionymus japonicus USNM 342662 (60.0 mm SL, Callionymidae), which
taxon has an anterolaterally projected hypurapophysis-like process, contrasting with posterolaterally projected hypurapophyses usually found in other fishes. Abbreviations. dhy, dorsal
hypural; ep, epural; hpr, hypurapophysis or hypurapophysis-like process; hspu, haemal spine
of preural vertebra; hy, hypural; neural spine of preural vertebra; phy, parhypural; vhy,
ventral hypural; uc, urostylar centrum.
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Fig. 31. Morphological variation of the dorsal surface of the ural centrum of the caudal
skeleton of Percomorphacea. A, Gobiosoma bosc VIMS 38040 (30.8 mm SL, Gobiidae). B,
Chaetodipterus faber VIMS 8021 (44.1 mm SL, Ephippidae). C, Artedius fenestralis VIMS
38006 (42.5 mm SL, Cottidae). D, Synchiropus punctatus USNM 342665 (Callionymidae;
caudal skeleton only). E, Gobiesox strumosus VIMS 38039 (58.1 mm SL, Gobiesocidae). F,
Lagocephalus laevigatus VIMS 38035 (33.8 mm, Tetraodontidae). Terminology of caudal
elements of Gobiesox strumosus follows Konstantinidis & Conway (2010). Abbreviations.
dcr, distal-caudal radial cartilage; dhy, dorsal hypural; dpz, dorsal prezygapophysis; ep,
epural; hspu, haemal spine of preural vertebra; hy, hypural; na, neural arch; nspu, neural
spine of preural vertebra; phf, parhypural flange; phy, parhypural; vhy, ventral hypural; uc,
urostylar centrum; un, uroneural. Scale bar 0.5 mm.
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Fig. 32 . Morphological variation of the parhypural flange of Percomorphacea. A, Liparis
dennyi VIMS 38060 (62.0 mm SL, Liparidae). B, Epigonus pandionis VIMS 7468 (119.0
mm SL, Epigonidae). C, Trinectes maculatus VIMS 38037 (57.9 mm SL, Achiridae). D,
Hexagrammos stelleri VIMS 38009 (104.0 mm SL, Hexagrammidae). Abbreviations. dcr,
distal-caudal radial cartilage; dhy, dorsal hypural; dpz, dorsal prezygapophysis; ep, epural;
hpr, hypurapophysis; hspu, haemal spine of preural vertebra; hy, hypural; nspu, neural spine
of preural vertebra; phf, parhypural flange; phy, parhypural; vhy, ventral hypural; uc,
urostylar centrum; un, uroneural. Scale bar 1 mm.
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Fig. 33. Morphological variation in the number of ural centra in Acanthomorpha. A-B, two
distinct ural centra in (A) Microgadus proximus VIMS 38012 (50.0 mm SL, Gadidae) and
(B) Acanthonus armatus VIMS 7050 (124.9 mm SL, Ophidiidae). A single urostylar centrum
in C, Micropogonias undulatus VIMS 38041 (25.1 mm SL, Sciaenidae), D, Apodichthys
fucorum VIMS 38005 (61.6 mm SL, Pholidae), E, Chasmodes bosquianus VIMS 38038
(70.2 mm SL, Blenniidae), and F, Zoarces americanus VIMS 7640 (150.0 mm SL,
Zoarcidae). Abbreviations. dcr, distal-caudal radial cartilage; dhy, dorsal hypural; ep, epural;
hspu, haemal spine of preural vertebra; hy, hypural; nspu, neural spine of preural vertebra;
phf, parhypural flange; phy, parhypural; vhy, ventral hypural; uc, urostylar centrum; un,
uroneural. Scale bar 0.5 mm.
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Fig. 34. Morphological variation in taxa with neural spine of of the preural centrum as long
or longer than the neural spine of preceding vertebrae in Percomorphacea. A, Histrio histrio
USNM 269469 (52.0 mm SL, Antennaridae). B, Dactyloscopus tridigitatus (53.5 mm SL,
Dactyloscopidae). C, Centrodraco oreganus USNM 159234 (76.5 mm SL, Draconettidae).
D, Myoxocephalus polyacanthocephalus VIMS 38013 (36.8 mm SL, Cottidae). E,
Callionymus japonicus USNM 342662 (60.0 mm SL, Callionymidae). Abbreviations. dcr,
distal caudal radial cartilage; dhy, dorsal hypural; dpz, dorsal prezygapophysis; ep, epural;
hspu, haemal spine of preural vertebra; nspu, neural spine of preural vertebra; phf, parhypural
flange; phy, parhypural; vhy, ventral hypural; uc, urostylar centrum. Scale Bar 0.5 mm.
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Fig. 35. Morphological variation in taxa with neural spine of the second preural centrum
smaller than the neural spine of the preceding vertebrae in Percomorphacea. A, Lepomis sp.
VIMS 38044 (52.9 mm SL, Centrarchidae). B, Ammodytes hexapterus VIMS 38003 (78.4
mm SL, Ammodytidae). C, Peprilus triacanthus VIMS 38000 (42.0 mm SL, Stromateidae).
D, Selene setapinnis VIMS 38001 (44.5 mm SL, Carangidae). In (D), terminology of caudal
elements follows Hilton & Johnson (2007). Abbreviations. dcr, distal caudal radials; dhy,
dorsal hypural; dpz, dorsal prezygapophysis; ep, epural; hpr, hypurapophysis; hspu, haemal
spine of preural vertebra; hy, hypural; nspu, neural spine of preural vertebra; phy, parhypural;
vhy, ventral hypural; uc, urostylar centrum. Scale bar 0.5 mm.
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Chapter 2
The Intermuscular Series of Batrachoidiformes (Teleostei: Percomorphacea), with
discussion of the homology of the intermuscular elements of acanthomorph fishes
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ABSTRACT
The intermuscular series, bones that form in the epaxial and hypaxial muscles of fishes, are a
rich source of synapomorphies, especially at higher taxonomic levels, despite being one of
the least investigated morphological complexes in the skeleton of fishes. For example, the
homology of the single series of intermuscular bones in the Percomorphacea is still debated.
The shape of the first epineural bone has been proposed as a synapomorphy of
Batrachoidiformes, but the extent of variation in these fishes is not known. In an attempt to
better assess this character and search for other characters, the morphology of the
intermuscular series and its associated myosepta was studied in 65 of 82 species from 22 of
23 genera of Batrachoidiformes. The morphology of the anterior epineurals proved to be
unique to each subfamily. Epicentral bones, previously considered absent in
Acanthomorphata, are present in seven batrachoidiform genera of the subfamily
Halophryninae. The origin of the anterior dorsal cone of the epaxial musculature has
epineural tendons associated with epineural bones in the anterior region of the trunk. The
epineural tendons become independent of these bones posteriorly (usually from the seventh
vertebra). Myorhabdoid tendons were also found in Batrachoidiformes. The presence of both
epineural and epicentral bones in the horizontal septum of Batrachoidiformes supports the
hypothesis that the single series of intermuscular bones observed in Percomorphacea are
epineurals. The implication of these characteristics for intra- and inter-ordinal relationships
are discussed, including a discussion on the homology of each intermuscular series in
acanthomorph fishes.
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1. INTRODUCTION
Intermuscular bones are ossifications that develop directly in the myosepta and
generally are associated with ligaments of the axial skeleton (Patterson & Johnson, 1995).
Intermuscular bones are unique to Teleostei and are arranged in three main series. Epineurals
develop dorsal to the horizontal septum, and are usually associated with the fibers and
tendons at the origin of the dorsal anterior cone of the myoseptum. Epicentrals develop in the
horizontal septum. Epipleurals develop ventral to the horizontal septum and are associated
with the fibers of the ventral anterior cone of the myoseptum, usually the epipleural tendon
(Gemballa et al., 2003; this study). Epineurals and epicentrals have rostrocaudal gradients,
and are usually more fully developed on the anterior vertebrae. Epipleurals usually develop in
the caudal region, around the region of the anteriormost caudal vertebra (Patterson &
Johnson, 1995).
Absence of one or more series of intermuscular bones and ligaments is common
among teleostean fishes (Patterson & Johnson, 1995: tables 1-8). Johnson & Patterson (1993)
and Patterson & Johnson (1995) characterize all Percomorphacea as lacking the epipleural
series (bones and ligaments) and the epicentral ligaments anteriorly. Further, Wiley &
Johnson (2010) propose the first and second epineurals originating dorsal to the horizontal
septum, usually in contact with the first and second neural arch, as a synapomorphy of
Percomorphacea. The distal part of the first and second epineurals project into the horizontal
septum. Wiley & Johnson (2010) additionally propose that all other epineurals are positioned
in the horizontal septum in Percomorphacea.
Gemballa & Britz (1998) provided a thorough description of the three-dimensional
arrangement of the myosepta in teleosts. They suggested that tendons associated with the
origin of the dorsal anterior cone, the epineural tendons, of Acanthomorpha were
homologous to the epineural bones of basal Teleostei, and that the single series of
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intermuscular bones of Acanthomorpha were epicentrals. In contrast, Johnson & Patterson
(2001) argue that the epineural tendon of Acanthomorpha described by Gemballa & Britz
(1998) is a misinterpretation of the array of collagen fibers of the myoseptum, and that the
single series of intermuscular bones in acanthomorphs are epineurals. Here we describe the
intermuscular bones and tendons of the toadfishes, Batrachoidiformes.
Batrachoidiformes is a group of benthic fishes with 82 currently recognized species
assigned to 23 genera, living worldwide, mostly in coastal areas (Greenfield et al., 2008;
Greenfield, 2014). This order has been classified as a group within the Percomorphacea based
on molecular and morphological evidence (Wiley & Johnson, 2010). However, there is no
consensus on the phylogenetic position of Batrachoidiformes relative to other percomorph
fishes (Myia et al., 2005; Wiley & Johnson, 2010; Betancur-R et al., 2013, 2017; Near et al.,
2013; Dasvene et al., 2016). Patterson & Johnson (1995), Gemballa & Britz (1998), and
Johnson & Patterson (2001) did not include representatives of Batrachoidiformes in their
studies of intermuscular elements. The most detailed account comes from Monod (1960),
who described the epineural series in Halobatrachus didactylus (labeled as epipleurals),
noting in particular an enlarged first epineural articulating with the cleithrum. Markle (1989)
briefly described a similar condition in Opsanus tau. Greenfield et al. (2008) illustrated a
similar arrangement of the anterior epineurals in Potamobatrachus trispinosus, but did not
report variation in theses bones. With sparse taxon sampling, Wiley & Johnson (2010)
proposed that a robust first epineural ligamentously bound to the cleithrum was a
synapomorphy of Batrachoidiformes.
Initial observations of the intermuscular series in the context of a study of the
morphological systematics of Batrachoidiformes revealed that the arrangement of anterior
epineurals is variable among species of the subfamilies of Batrachoidiformes. This led to a
broad and integrative investigation comprising the morphology and arrangement of
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intermuscular bones across the diversity of Batrachoidiformes, using multiple techniques,
including clearing and staining, x-ray computed tomography, and histology. New findings
such as the presence of epicentral bones, allowed the reassessment of the homology of each
intermuscular series of Acanthomorpha. The implications of these characteristics for intraand inter-ordinal relationships and the evolutionary independence of epineural bones and
tendons in Acanthomorphata (sensu Betancur-R et al., 2017) are discussed.

2. MATERIAL AND METHODS
Preserved specimens were cleared and double stained following protocols adapted
from Dingerkus & Uhler (1977) and Taylor & van Dyke (1985). For better visualization of
tendons and ligaments, specimens were transferred to alcohol 70% following Gemballa &
Britz (1998). Cleared and stained specimens were examined with binocular dissecting
microscopes and images were obtained using a Zeiss Discovery V20 stereomicroscope with a
Zeiss Axiocam camera and rendered as Z-stacked images using AxioVision software to
increase the depth of field. Images were adjusted for color balance and contrast using Adobe
Photoshop, and illustrations were prepared using Adobe Illustrator.
For computed tomography (CT), preserved specimens were scanned with a Bruker
Skyscan 1173 (Microphotonics, Allentown, PA) at the Karel F. Liem Bioimaging Center at
Friday Harbor Laboratories (University of Washington) using two different settings: small
specimens (up to 70 mm SL) were scanned at 60–65 KV, 110–123 µA and a voxel resolution
of 35.7 µm; large specimens (from 70 mm to 220 mm SL) were scanned at 65 KV, 110 µA
and voxel resolution of 71.4 µm. For visualization of soft anatomy in computed tomography,
specimens were stained with Phosphomolybdic Acid Hydrate (PMA) dissolved in 70%
ethanol (2.5g for each 100 ml of ethanol). Small specimens (< 25mm SL) were kept in
solution for at least 12 hours. Larger specimens required at least 48 hours immersed in the
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PMA solution. Scanning settings for small stained specimens varied from 25–30KV, 170 µA,
and voxel resolution of 5.7 µm. For large stained specimens, settings were 65KV, 123 µA,
with voxel resolution ranging from 20 to 35.7 µm. The CT images were reconstructed using
NRecon Reconstruction (Bruker, Belgium) and converted into DICOM files using DICOMConverter (Bruker, Belgium). Both are software packages supplied with the scanner at
purchase. The final reconstructed images were visualized using software Horos 2.1.1 (Horos
Project, www.horosproject.org) and Amira 5.0 (Thermo Fisher Scientific, USA), and colored
and/or adjusted as necessary using Photoshop CS6 (Adobe, USA).
Histological preparation follows Clardy et al. (2015). Specimens were decalcified for
12 h in a sodium citrate and formic acid solution, rinsed in tap water for 4 h, dehydrated in a
series of ethanol baths, and embedded in Paraplast Plus. An Olympus CUT 4055 microtome
was used to cut transverse and sagittal sections (5-µm thickness) from tissue blocks. Serial
sections were mounted onto precleaned Fisherbrand Superfrost microscope slides directly
from a water bath; slides were air dried overnight. Slides were stained with an
eosin/haematoxylin stain using a Varistain Gemini ES autostainer and coverslipped using
ProtocolTM resin/xylene mounting medium and examined using the Zeiss Discovery V20
steromicroscope.

Institutional abbreviations. Institutional abbreviations that provided specimens for
examination follow Sabaj (2019).

Material Examined. The specimens examined are listed in Appendix 1.

3. RESULTS
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Descriptions of the myoseptum and the intermuscular series presented here are based
primarily on representatives of Halophryninae (Batrachomoeus, Halobatrachus, and
Halophryne), although specimens of taxa representing all four subfamilies and 22 of the 23
genera of Batrachoidiformes were examined. Because large numbers of fresh specimens
across a wide size range were available, Porichthys notatus was used to investigate fine
details of the arrangement of the myoseptum.

3.1 Morphology of Myoseptum
The myoseptal arrangement of Batrachoidiformes is similar to that described for
Gnathostomata by Gemballa et al. (2003): three-dimensional folding of myosepta forming
four cones organized in a W-shape (Figs. 1, 2). The myosepta attach medially to the vertebral
column and to the pterygiophores. Laterally, collagen bundles from myosepta attach to the
skin. Each myoseptum extends across three to four vertebrae.
The occipital region of the neurocranium of Batrachoidiformes has a single
myoseptum attaching to the occiput (Fig. 2), which is different than the generalized condition
for Teleostei, in which there are three myosepta attached to the occipital bones (Johnson &
Britz 2010). This myoseptum is also unusual for being formed entirely by the dorsal anterior
cone and lacking the dorsal posterior cone.
The dorsal posterior cone is positioned at the level of the neural spines and extends
anterodorsally to form the epaxial flanking part of the myomere. The anteriormost dorsal
posterior cone is associated with the first vertebra and projects anterodorsally to the
neurocranium, reaching the supraorbital ridge of the frontal bone (Fig. 2). A distinct
myorhabdoid tendon originates in the ventral surface of the skin and extends through fibers
of the epaxial flanking part of the myomere, reaching the posterodorsal margin of the dorsal
anterior cone. In the caudal region, a ventral posterior cone is positioned at the level of the
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haemal spines and extends anteroventrally to form the hypaxial flanking part of the myomere.
This myoseptum has a distinct myorhabdoid tendon that extends through the bundles of the
myosepta.
The dorsal anterior cone is located between the dorsal posterior cone and the
horizontal septum. The epaxial sloping fibers extend posterodorsally from the dorsal anterior
cone to the dorsal posterior cone. In the abdominal region, the depth of the dorsal anterior
cone gradually increases posterodorsally and follows the shape of the horizontal septum,
which projects posteroventrally (Fig. 2). In the myomeres associated with vertebrae one to
five, lateral tendons are not observed. A thin lateral tendon, however, is present and extends
through the posterodorsal region of the dorsal anterior cone in the more posterior myomeres.
Epineural tendons originate either on the posterior margin of neural spines (anteriorly,
usually from vertebrae 1 to 8) or in the neural arches (vertebra 9 to second preural centrum;
Fig. 3). The epineural tendons project latero-ventrally, reaching the skin. The anterior
epineural tendons have their fibers associated with epineural bones (usually epineurals 1 to 6;
Tabs. 1–4).
The origin of the first epineural tendon is on the lateral surface of the neural spine of
the first vertebra and this tendon surrounds the first epineural bone. The second epineural
tendon originates in the posterior margin of the neural spine of the first vertebra and
surrounds the medial region of the second epineural bone. The lateral portion of the second
epineural bone extends through the muscle bundles of the dorsal anterior cone; the second
epineural tendon has a distinct branch that extends lateral to the second epineural bone.
Epineural tendons three and four (when present) originate on the posterior margin of the
second and third neural spines, respectively. In most species these tendons do not surround
epineural bones three and four but rather are entirely in the fibers of the dorsal anterior cone.
In some species (e.g., Batrachomoeus), a ventral branch of the epineural tendon three may be
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present and contact, or even engulf, the third epineural bone. Epineural tendons five and six
also originate on the posterior surface of the neural spine of the preceding vertebra and do not
contact epineural bones (epineural bones 5 and 6 lay on the bundles of the dorsal anterior
cone). On the fifth epineural tendon, the ventral branch of the epineural tendon is not
observed (as it was for the epineural tendon four).
Usually from the seventh vertebra posteriorly, epineural bones are located in the
horizontal septum and only the epineural tendons run through the bundles of the dorsal
anterior cone. Typically, at the ninth vertebra the origin of epineural tendons shift from the
posterior surface of the neural spine of the preceding vertebra to the neural arch of its
associated vertebra (see variation on Tabs. 1–4).
The horizontal septum of Batrachoidiformes is obliquely oriented in the abdominal
region, sloping posteroventrally to the anterior region of the caudal region (Figs. 2, 3). In the
horizontal septum there may be three different intermuscular elements: epineural bones,
usually from 7th to 23rd vertebra; epicentral tendons or epicentral ligaments associated with
epicentral bones; and posterior oblique tendons, which were found only in Triathalassothia
(see Tabs. 1–4).
The ventral posterior cone has a similar arrangement to the dorsal posterior cone but
is found only in the caudal region. Lateral tendons were not found in the fibers of the
hypaxial sloping part of the cone. Epipleural tendons originate in the ventral region of the
haemal arches and project dorsolaterally. Epipleural tendons are not associated with any
intermuscular ossification. The abdominal region is very large and is surrounded by thin
hypaxial muscles, homogeneously organized with fibers that extend lateromedially, as
described by Gemballa et al. (2003). Tendons are not observed in the myoseptal fibers of the
abdominal cavity and the arrangement of the myomeres in cones is not present.
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3.2 Intermuscular Bones, Tendons, and Ligaments
Epineurals
The epineural series comprises the epineural tendons and epineural bones.
In Batrachoidiformes, epineural bones are present from the first vertebra to the 27th vertebra
(highest number in Amphichthys cryptocentrus; Tabs. 1–4). Epineural bones are positioned
transversely in the fiber bundle of the dorsal anterior cone. Along the vertical axis, epineural
bones 1–6 of most species have their proximal tips located dorsal to the horizontal septum.
Except for the first epineural, which lies entirely within the dorsal anterior cone, the distal
ends of the epineural bones insert into the horizontal septum (Figs. 3, 4).
The first epineural bone articulates proximally with the neural spine of the first
vertebrae and distally with the cleithrum. The first epineural tendon originates in the anterior
region of the neural spine of the first vertebra, extending ventrolaterally over the first
epineural bone. The morphology of the first epineural bone of Batrachoidiformes is unique
among fishes in that it is robust (i.e., two to three times thicker than more posterior
epineurals). The shape of the first epineural in Batrachoidiformes varies from straight to
convex. The proximal tip of the first epineural has a prominent head that articulates with the
neural spine of the first vertebrae. The distal tip of the first epineural tightly contacts the
posterodorsal process of the cleithrum, forming a brace between the shoulder girdle and axial
skeleton.
The second epineural bone in most Batrachoidiformes contacts the neural spine of the
second vertebra proximally, projecting ventrolaterally into the horizontal septum. There is,
however, variation in the origin and presence of the second epineural among subfamilies (see
below). Proximally, the second epineural bone is largely dissociated from the second
epineural tendon, although distally it may be associated with, or even engulfed by, the ventral
branch of that tendon. The proximal tip of epineural bones three and four are positioned at the
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level of neural arches of the third and fourth vertebra. Epineural bones five and six are
located at the level of the middle of fifth and sixth vertebral centra. The proximal ends of
epineurals 3–6 do not contact the vertebral column and these bones lay almost entirely in the
fibers of the dorsal anterior cone (except for their distal tips, which insert into the horizontal
septum). This gradual shift in the position of the proximal tip of the epineural bones results in
a disassociation of these bones from the fibers of epineural tendons. Usually posterior to the
sixth epineural, the epineurals bones lie entirely within the horizontal septum and are separate
from the epineural tendons and bundles of the epaxial sloping part of the myomere. Unlike
epineurals 3–6, the more posterior epineural bones, that lie in the horizontal septum, contact
the vertebral column through a nodule of connective tissue. The contact between vertebrae
and epineurals occurs either on the lateral surface of the parapophyses (abdominal region) or
in the haemal arches (abdominal and caudal region) (Figs. 3, 4). A few abdominal vertebrae
may have a fully developed haemal arch without a haemal spine (see Supplementary Tables).
The length of epineurals bones has a rostrocaudal gradient, with the length of the last
caudal epineural being approximately one-fifth that of the more anterior abdominal
epineurals. The gradient is not smooth, as the abdominal epineural bones grade in length
more substantially in posteriorly in the series (i.e., posterior to epineural bone 4). The length
of the last abdominal epineural bone is approximately one-half that of more anterior
epineurals (e.g., epineural bone 4). However, epineurals bones 3–5 are usually slightly
shorter than epineurals six and seven. In the abdominal-caudal transition, there is an abrupt
decrease in the size of epineural bones: the first caudal epineural bone is approximately one
half the length of the last abdominal epineural. In the caudal region, epineurals bones
gradually become shorter.
Most epineurals bones are concave proximally and convex distally forming a S-shape
in dorsal view (Fig. 5). The degree of the proximal concavity of abdominal epineurals varies
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among species, from slightly (e.g., Halophryne diemensis) to strongly concave, with its
proximal tip at almost 90° relative to the proximal half of the epineural (e.g., Bifax lacinia).
Epineurals 3–6, which have most of their bodies positioned dorsal to the horizontal septum in
frontal view are proximally convex and project ventrolaterally into the horizontal septum,
with their distal tips projecting posterodorsally (Fig. 5A). Caudal epineurals bones are
slightly concave proximally but convex through most of their length. In frontal view, caudal
epineurals are straight.

Epicentrals
The epicentral series, found in all species of Batrachoidiformes, is restricted anteriorly
to the abdominal cavity (varying from the fifth to thirteenth vertebra; Figs. 5, 6; Tabs. 1–4).
Epicentral tendons (=epicentral ligaments of Patterson & Johnson, 1995; Johnson &
Patterson, 2001) originate within the horizontal septum on the parapophysis of the vertebrae
and extend posterolaterally through the fibers of the horizontal septum (proximally) and the
dorsalmost fibers of the ventral anterior cone (distally), reaching the lateral wall of the body.
The epicentral series is formed only by tendons in Batrachoidinae, Thalassophryninae,
Porichthyinae and the halophrynine genera Allenbatrachus, Batrachomoeus, Batrichthys,
Halophryne and Triathalassothia (Figs. 5D, E). The epicentral series in the halophrynine
genera Barchatus, Bifax, Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus, and
Riekertia is formed medially by ligaments that are continuous with epicentral bones (Figs.
5A–C, 6). The epicentral bones are convex, approximately one-half the length of epineurals
in the same myoseptum, and are posterolaterally embedded in the distal half of the horizontal
septum.

Epipleurals
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The epipleural series is formed by a series of epipleural tendons in the caudal region
of all examined Batrachoidiformes (Fig. 3). Epipleural tendons originate on the haemal
arches of caudal vertebra and extend posterolaterally through the bundles of the hypaxial
sloping part of the ventral anterior cones. The first epipleural tendon was observed associated
with the first caudal vertebra. The number of epipleural tendons is variable (Tabs. 1–4) and
we are not whether epipleural tendons extend into the ural region, because the myosepta in
that part of the body are indistinct.

Posterior oblique tendons
Posterior oblique tendons lie in the horizontal septum, ventral to epicentrals. Fibers of
posterior oblique tendons are oriented anterolaterally. In Batrachoidiformes, they are found
only in Triathalassothia. These tendons occur from the seventh to eleventh vertebra and their
origin is associated to the anterior surface of the parapophysis. Each posterior oblique tendon
extends anterolaterally for the extent of two myosepta as tendinous tissue before merging into
the fibers of the m. superficialis lateralis. This muscle extends anteriorly, reaching the
anterior wall of the abdominal cavity (Fig. 7).

3.3 Morphological variation of the intermuscular bones within Batrachoidiformes.

Halophryninae (Figs. 3–10; Tab. 1).
Halophryninae is the only subfamily of Batrachoidiformes in which the second
epineural bone articulates proximally with the neural spine of the second vertebra. The
second epineural bone extends ventrolaterally through the fibers of the epaxial sloping part,
with its distal portion reaching into the horizontal septum. The length of the second epineural
bone is similar to the first epineural, although its width varies from one-third to one-half of
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the first epineural; the second epineural bone is approximately 1.2 times longer than the third
epineural bone.
The genera Barchatus, Bifax, Chatrabus, Colletteichthys, Halobatrachus,
Perulibatrachus and Riekertia are the only halophrynines, or Batrachoidiformes for that
matter, with the epicentral series distally ossified and proximally continuous with epicentral
ligaments (Figs. 5, 6).
Batrichthys apiatus and Triathalassothia argentina differ from other halophrynines in
having a thick second epineural bone. The width of the second epineural bone of B. apiatus is
approximately three-quarters that of the first epineural, whereas in T. argentina it has a
similar width to that of first epineural bone. Conversely, species of Halophryne have
relatively thin epineural bones 2–5 that are approximately one-third to one-quarter the width
of the first epineural. Batrichthys, Halophryne, and Triathalassothia have straight first
epineural bone. This is in contrast to the convex shape of the first epineural bone of other
Halophryninae (Fig. 8).
Most Halophryninae have robust epineural tendons one, two, and three. The first
epineural tendon surrounds the first epineural bone, while the second epineural bone is
associated with the ventral branch of the second epineural tendon. The third epineural tendon
of most examined taxa of Halophryninae does not have a ventral branch; however,
Batrachomoeus has a robust ventral branch of the third epineural tendon that engulfs
epineural bone three (Figs. 4D, E).
Within Halophryninae, the contact between the abdominal epineural bones and the
vertebral column is variable. In most halophrynines, epineurals 3–5 do not articulate with
vertebral column, and these bones lie in the fiber bundles of the dorsal sloping part of the
myomere. Epineural bones contact the vertebral column posterior to epineurals 6 or 7. In
Allenbatrachus and Halophryne, the articulation of epineural bones begins on the
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parapophysis of the fifth vertebra. Batrichthys apiatus has the fourth and the fifth epineural
bones contacting the vertebral column, articulating at the level of the neural arch and the
centrum, respectively (Tab. 1).
Batrachomoeus, Allenbatrachus, and Batrichthys are the only Batrachoidiformes in
which the proximal portion of the third epineural bone is dorsally projected to the level of the
neural spine of the third vertebra. In Batrachomoeus this condition is extreme, with the
proximal portion being deeply concave in frontal view. Unlike Batrachomeus and
Allenbatrachus, the third epineural bone of Batrichthys apiatus contacts the pterygiophore of
the first dorsal spine (Figs. 9, 10A).
Batrichthys apiatus is singular in having relatively large dorsal and ventral posterior
cones, which are approximately two to three times taller than the anterior cones. Also, the
fibers of the dorsal and ventral posterior cones have relatively thick myorabdoid tendons.
Bifax lacinia differentiates from other Batrachoidiformes in having epineural bones 3–9
embedded in the fibers of the dorsal anterior cone (inferred by position of the epineural bones
in the CT reconstruction), with epineurals three to seven positioned at the level of the neural
arch of their corresponding vertebrae. Epineurals eight and nine are positioned at the level of
the centrum. Posterior to the tenth vertebrae, epineural bones are positioned in the horizontal
septum and articulate with the parapophyses. Epineural bones 7-9 are positioned dorsal to the
horizontal septum, unlike the condition observed in other Batrachoidiformes (Fig. 10B). This
condition seems to reflect the long abdominal region of Bifax lacinia (haemal spines start on
the 14th vertebra, versus 10-12th in most other Batrachoidiformes; see Tabs. 1–4). In dorsal
profile, epineurals 4–11 are strongly concave medially, with their origin at almost 90˚ relative
to the central region of these bones.

Batrachoidinae (Figs. 11, 12; Tab. 2)
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Batrachoidinae distinguishes from all other Batrachoidiformes by having the second
epineural bone restricted to the lateral region of the body (i.e., not in contact with the
vertebral column proximally). Its origin is within the fibers of the dorsal anterior cone at the
level of the neural arch of the second vertebra. The length of the second epineural bone is
usually similar to the third, and approximately one-half to two-thirds the length of the first
epineural bone. The second epineural bone of Batrachoidinae is continuous with the ventral
branch of the second epineural tendon (Figs. 11D, E). Epineurals two, three and four increase
in length rostro-caudally and they all are shorter than fifth epineural bone. As described for
the second epineural, the third and fourth are also restricted to the distal half of the dorsal
anterior cone of their respective myomere. Epineural tendons with a ventral branch were
observed only in the second epineural tendon.
Among species of Batrachoidinae there is variation in the position of articulation
between epineurals and the vertebral column. In Amphyichthys cryptocentrus, Batrachoides
liberiensis, B. waltersi, B. surinamensis, Opsanus tau, O. phobetron, O. beta, and
Potamobatrachus trispinosus, the sixth epineural is the first bone of this intermuscular series
articulating with the vertebral column. Batrachoides boulengeri, B. gilberti, B, manglae, and
B, pacifici share having the fifth epineural bone contact the vertebral column. In Sanopus and
Opsanus pardus, the seventh epineural bone is the first epineural bone to articulate with the
vertebral column, whereas in Vladichthys gloverensis, the articulation starts with epineural
eight (Tab. 2).
Vladichthys gloverensis has a third epineural that is shorter than the second and the
fourth epineural bones, and it is not arranged in series with the adjacent epineurals, a
condition not observed in any other taxon of Batrachoidiformes. Instead, the distal part of this
bone extends posteriorly and almost contacts epineural four (Fig. 12).
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Thalassophryninae (Fig. 13; Tab. 3)
Thalassophryninae has the second epineural bone positioned anteriorly with its
proximal end extending to the level of or even articulating with the neural spine of the first
vertebra. The length of the second epineural bone may be equal to or longer than that of the
first epineural. Epineural bones three and four are also anteriorly displaced, with their
proximal ends positioned either at the level of the neural arches or the neural spines of the
second and third vertebrae (Figs. 13A, B). The anterior displacement of epineural 2–4 results
in one vertebra not being associated with an epineural (usually vertebra 5).
The arrangement of the anterior epineurals of Thalassophryninae reflects the
morphology of the anterior vertebrae. The neural spine of the first vertebra is anterodorsally
positioned and relatively small (approximately half of the length of the neural spine of the
second vertebra). The neural spines of the second and third vertebrae are vertically arranged,
contrasting to the posterodorsally oriented neural spines observed in the vertebrae 1–3 of all
other Batrachoidiformes. The lengths of abdominal centra two, three, and four are
approximately half the length of the fifth centrum (Fig. 13).
The myoseptal arrangement of Thalassophryninae of the anterior region of axial
skeleton differs from other Batrachoidiformes. Fibers of the dorsal anterior cones associated
with the first and second vertebrae project laterally (instead of posterolaterally as in other
Batrachoidiformes) and have a sigmoid shape in dorsal view. Medially, the dorsal anterior
cone bundles are convex, projecting anteriorly from the vertebra at the point where the
epineural tendon originates. The fibers of the lateral portion of the dorsal anterior cone are
concave and insert on the lateral wall of the abdominal region (Fig. 13C). The shape of the
first epineural tendon follows the arrangement of the fibers of the dorsal anterior cone. There
was no evidence of the second epineural tendon in any Thalassophrynine. Posterior to the
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third vertebra, all epineural tendons project posterolaterally, as described for other
Batrachoidiformes.
The epaxial and hypaxial flanking parts of the myomeres in Thalassophryninae have
thick tendons in their external margins; these are approximately two times wider than the first
epineural bone. These tendons extend ventrally around the external margin of the dorsal
anterior cone as well. In the anterior vertebrae, the tendons of the external margin of the
epaxial flanking part insert in the posterior tip of the abdominal epineurals (Fig. 14A).
The length of the second epineural bone is about equal to, or slightly longer than, the
first epineurals in most species of Thalassophryninae. Exceptions are Thalassophryne
maculosa and T. natteri, in which the second epineural bone is 1.5 times longer than the first.
The shape of epineural bones 3–5 of Thalassophryninae differs from other subfamilies by
being entirely convex; in other subfamilies those bones are curved only in their distal
portions. The length of epineurals 3–5 is approximately 1.5 times longer than the length of
the first epineural.
Representatives of Thalassophryninae have three thick epicentral tendons that project
from the parapophysis of vertebrae 6, 7 and 8; in T. amazonica the epicentral tendons project
from v7, v8 and v9 (Fig. 14B). Epicentral tendons are three times wider than the epineural
bone positioned in the same myoseptum (contrasting with four or five slender epicentrals
observed in taxa of other subfamilies). Three epicentrals were also found in Vladichthys
gloverensis, Batrachoides gilberti, Potamobatrachus trispinosus and Triathalassothia
argentina.

Porichthyinae (Fig. 15; Table 4)
In Porichthyinae, the origin of the first epineural bone at the level of the neural arch of
the first vertebra (Fig. 15), as found in other Acanthomorphata (see Discussion). The first
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epineural bone is robust (approximately three times thicker than other abdominal epineural
bones), and articulates laterally with the cleithrum, as found in other Batrachoidiformes.
However, in Porichthyinae, the first epineural bone is completely dissociated from the fibers
of the first epineural tendon (which is inconspicuous but certainly present). The second and
third epineural bones are missing in this subfamily. Epineural tendons are present (i.e.,
epineural tendons two and three are present; Fig. 15C), although the epineural tendon series
is less distinct than those in other subfamilies.
The epineural bones of the abdominal region contact the vertebral column in
Porichthyinae more posteriorly than these elements in other subfamilies. The origins of
epineural bones four, five, and six are embedded in the fibers of the dorsal anterior cone and
are positioned dorsal to the level of the neural arch (epineural bone 4) or centrum (epineural
bones 5 and 6); they extend ventrolaterally into the horizontal septum. Although epineural
bones seven, eight, and nine are positioned entirely in the horizontal septum (as in most
Batrachoidiformes), these bones do not contact the vertebral column (Fig. 15A). The
articulation between the origin of epineural bones and the vertebral column starts at the tenth
vertebra and continues posteriorly.
In Porichthyinae, the epicentral ligaments are robust (i.e. two to three times thicker
than the epineurals associated with the myoseptum) and originate on the parapophyses of
vertebrae 5 to 11. They extend throughout the extent of the horizontal septum (Fig. 5E).

4. DISCUSSION
Variation, a central joy of organismal biology, is a key tool in inferring evolutionary
relationships, developmental trajectories, and historical constraint. In broad studies of the
structure and phylogenetic variation of intermuscular bones and tendons in Acanthomorphata,
like those of Patterson & Johnson (1995), Johnson & Patterson (2001), Gemballa & Britz
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(1998), and Gemballa et al. (2003), single species stand in for large groups. Our results
demonstrate substantial variation in these intermuscular elements in a compact group of
fishes, densely sampled for character states. This highlights the dangers of sparse sampling
while also showing the phylogenetic potential in the intermuscular series at several
taxonomic levels. We stress the importance of assessing variation at all taxonomic levels
before inferring homology at broad levels or making inferences at higher-level phylogenetic
analyses.

4.1 Homology of the intermuscular series of Percomorphacea
Johnson & Patterson (1993) and Wiley & Johnson (2010) concluded that the presence
of a single series of intermuscular bones characterized Holacanthopterygii. But
Batrachoidiformes have two ossified intermuscular series. The epineural bones are always
dorsal to the epicentral series. Epicentral are usually formed only by tendons in
Batrachoidiformes. However, in the seven genera of Halophryninae, the epicentral series is
formed by bone and ligament (Figs. 5c, 6c). This morphology supports that idea that the
dorsal series of bones in the horizontal septum are epineurals, whereas the ventral series, also
in the horizontal septum, are epicentrals (principle of conjunction, Patterson, 1982; Nixon &
Carpenter, 2012).
The dorsal series (i.e., epineurals) of bones in the horizontal septum is serially
arranged with the anterior epineural bones, which are dorsally positioned in the fibers of the
dorsal anterior cone. Epineural bones one, two (in most Halophryninae), and three (in
Batrachomoeus) have their proximal ends engulfed by thick tendons that project
ventrolaterally over the fibers of the dorsal anterior cone. This is similar to nonacanthomorph fishes, in which the epineural series of bones is located dorsal to the horizontal
septum and are continuous with epineural tendons (Gemballa et al., 2003, fig. 2; present

	
  

141	
  

study). These tendons are homologous to the epineural tendons described by Gemballa &
Britz (1998). Posterior to the third or fourth vertebrae, epineural bones are dissociated from
the epineural tendons and these bones are displaced ventrally within the myoseptum until
they reach the horizontal septum (usually at vertebrae six or seven; see Tabs. 1–4).
Further support for the hypothesis of disassociation between epineural bones and
tendons comes from Batrachoidiformes having no tendinous connection between epineurals
3–6 and the vertebral column. These bones are positioned within the fibers of the dorsal
anterior cone and are not attached to any tendon or ligament. Epineural bones posterior to
those of vertebra 6 lie entirely in the bundles of the myosepta and contact the vertebral
column through a knob of connective tissue, whereas epineural tendons have a similar
position at the dorsal anterior cone along the entire body. Epicentral bones, when present, are
always continuous with the epicentral ligaments.
If the hypothesis of homology presented here for Batrachoidiformes is accepted,
Gemballa & Britz’s (1998) proposal that the single series of bones found in Percomorphacea
are epicentrals can be rejected. The association of epineural bones and tendons for vertebrae
1–3 and the presence of an additional set of intermuscular bones ventral to the epineurals in
the horizontal septum suggests that the single series of bones throughout the body of most
Batrachoidiformes and all other Percomorphacea taxa are epineurals (as proposed by
Patterson & Johnson, 1995; Johnson and Patterson, 2001). Further, the disassociation
between epineural bones and epineural tendons is a potential synapomorphy of
Percomorphacea.
The hypothesis presented by Johnson & Patterson (2001) that epineural tendons are
diffuse arrays of collagen fibers misinterpreted by Gemballa and Britz (1998) can also be
rejected. Batrachoidiformes have distinct epineural tendons throughout their abdominal and
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caudal myosepta. Myorhabdoid tendons are found in Batrachoidiformes, and also in
Carangidae, Gerreidae, and Liparidae.
Our observations of Batrachoidiform anatomy suggest the neoneural ligaments of
Johnson & Patterson (1995) are homologous to the lateral tendons of the dorsal anterior cone,
rather than epineural tendons as suggested by Gemballa & Britz (1998). These tendons
originate in the origin of the dorsal anterior cone and project posterodorsally through the
dorsal anterior cone bundles. We suggest using the term lateral tendons instead of neoneurals
to avoid confusion with epineural tendons.

4.2 Comments on the relationships of Batrachoidiformes within Acanthomorphata

First epineural bone. The order Batrachoidiformes is unique in the Percomorphacea (sensu
Wiley & Johnson, 2010) in having a robust first epineural bone that articulates laterally with
the cleithrum. This characteristic is a morphological complex that can be separated into two
characters (following Sereno, 2007): One is the distal tip of the first epineural bone that
articulates with the posterior process of the cleithrum; and the other is the width of the first
epineural bone, which is two to three times wider than the third epineural bone.
A first epineural that articulates laterally with the cleithrum was not observed in any
other representative of Percomorphacea (and potentially Teleostei; Patterson & Johnson,
1995; Wiley & Johnson, 2010; this study). Several species of Ophidiiformes (e.g.,
Lepophidium profundorum; Ophidion grayi; Petrotix hopkinsi; Howes, 1992; Fine et al.,
2007), however, were found having the first epineural with a width that is two to three times
wider than the width of the third epineural bone (Fig. 16). The phylogenetic hypotheses of
Betancur-R et al. (2013, 2017) and Near et al. (2013) proposes that Ophidiiformes is the
sister group of all other members of Percomorphacea, with Batrachoidiformes splitting from
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the node immediately above. Following these hypotheses, the first epineural is two to three
times wider than the third epineural, and this character could be optimized as inherited from
the basal ancestor lineage of all Percomorphacea, with secondary reversal in the clade above
Batrachoidiformes. Epineural bone 1 being two to three times wider than the third epineural,
conversely, could be interpreted as a putative synapomorphy grouping Batrachoidiformes and
Ophiidiformes, giving additional support to the phylogenetic hypothesis of Dasvene et al.
(2016). No other representatives of Percomorphacea have been described as having the first
epineural bone being substantially wider than epineural bone 3. Both suggested
optimizations, however, require a congruence test (Nixon & Carpenter, 2012) including
additional characters from different sources (i.e., other morphological complexes and also
molecular data).
Variation in the morphology of epineurals within Ophiidiformes also needs further
scrutiny. Porogadus miles (VIMS 8393; Fig. 16A) for example, has the first epineural bone
with a similar width as that of epineural bone 3, whereas Acanthonus armatus (VIMS 7050)
lacks the first and second epineural bones (see additional instances of this variation in Howe,
1992). Assuming the hypothesis of Campbell et al. (2017), taxa that have enlarged epineural
bone 1 are restricted to an apical group, suggesting that this is an apomorphic condition
within Ophidiiformes. Consequently, enlarged epineural bones observed in
Batrachoidiformes and Ophidiiformes would be the result of convergence. However,
Campbell et al.’s (2017) hypothesis does not include any representative of
Batrachoidiformes; the inclusion of different outgroup taxa in the analysis can affect the
resulting tree.

Epicentrals present anteriorly in the abdominal region. Johnson & Patterson (1993) and
Wiley and Johnson (2010) proposed that the absence of epicentral tendons in vertebrae one to
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seven is a synapomorphy of Holacanthopterygii (updated by examining the tables of
Patterson & Johnson, 1995). In most species of Batrachoidiformes, epicentrals tendons start
in the fifth vertebrae, with Halobatrachus didactylus, Halophryne diemensis, and
Batrachomoeus dubius (Halophryninae) having distinct epicentral tendons starting on the
third vertebra. The first epicentral tendon in Allenbatrachus reticulatus was observed on the
second vertebra (see variation on Tabs. 1–4).
The significance of this character is uncertain. Disregarding recent molecular
phylogenetic hypotheses (Betancur-R et al., 2013, 2017; Near et al., 2013), this character
could potentially indicate that Batrachoidiformes are more basally positioned within
Acanthomorphata, and not within Percomorphacea. Conversely, following the phylogenetic
hypotheses of Betancur-R et al. (2013; 2017) and Near et al. (2013), epicentral tendons
associated with anterior vertebrae in Batrachoidiformes could be interpreted as a secondary
gain. A broader survey of the intermuscular series in Acanthomorphata is needed. The
surveys of Patterson & Johnson (1995) and Gemballa & Britz (1998) are incomplete in this
clade and, as reported here for Batrachoidiformes, the intermuscular series might be more
variable than previously documented.

4.3 Intermuscular characters supporting the monophyly of Batrachodiformes

Morphology of the first epineural. The morphology of the first epineural bone of
Batrachoidiformes is unique among teleostean fishes in being two to three times wider than
all other epineural bones and by articulating distally with the cleithrum (Wiley & Johnson,
2010; present study). These two characteristics have been interpreted as putative
synapomorphies of Batrachoidiformes. Several species of Ophidiiformes also have an
enlarged first epineural with a wing-like shape (Fig 16B; the wing-like process of Fine,
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2007). Developmental data obtained for Porichthys notatus indicates that the thickening of
the first epineural bone is by bone outgrowth (Fig. 17). Analysis of the developmental
pathway of the first epineural bone in those species of Ophidiiformes that have an enlarged
first epineural could aid the differentiation between the conditions in Ophidiiformes and
Batrachoidiformes, when reducing this morphological variation into phylogenetic characters
and states (see further discussion of epineural bones in Ophidiiformes below).

Topology of abdominal epineural bones. Johnson & Patterson (1993) and Wiley & Johnson
(2010) proposed that all Percomorphacea have all epineural bones positioned entirely in the
horizontal septum, with exception of the proximal parts of the first and second epineural
bones. However, some species of Batrachoidiformes have the proximal tip of epineural bones
three, four, and five located dorsal to the horizontal septum. In epineural bones three and
four, the proximal tip is positioned at the level of the neural arch; in epineural bone five, at
the level of the centrum (variation of the posteriormost abdominal epineural positioned dorsal
to the horizontal septum; see Tabs. 1–4). A similar arrangement of abdominal epineurals was
observed here in several species of Agonidae and Cottidae (see also Yabe, 1985). Given that
it is unlikely there is a close relationship between Batrachoidiformes and Cottiformes
(Betancur-R et al., 2013, 2017; Near et al., 2013), the arrangement of the abdominal
epineural bones of Batrachidiformes is potentially synapomorphy of this order, with
homoplastic occurrences in Cottidae and Agonidae.

4.4 Characters of the intermusculars and the phylogeny of Batrachoidiformes

First epineural bone originating in the neural spine. Batrachoidinae, Halophryninae, and
Thalassophryninae are distinct in Batrachoidiformes (and also in Acanthomorphata, sensu
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Betancur-R et al., 2017) with the origin of the first epineural bone at the level of the neural
spine of the first vertebra. Like other acanthomorphs, members of Porichthyinae have the
origin of the first epineural bone positioned at the level of the neural arch of the first vertebra
(Fig. 15; see also Johnson & Patterson, 1993; Patterson & Johnson, 1995; Wiley & Johnson,
2010).
The only specimens outside Porichthyinae that have the origin of the first epineural
bone positioned at the level of the neural arch are one specimen of Batrachoides manglae
(USNM 206605, 20.4 mm SL) and another of Chatrabus melanurus (SAIAB 13859, 18.3
mm SL). These specimens, however, are the smallest juveniles examined. The ontogenetic
series of Porichthys notatus demonstrates that the neural spine of the first vertebra is one of
the last elements to develop during the formation of the vertebral column, happening in late
stages of development, only after 18 mm SL. The observed condition in Batrachoides
manglae and Chatrabus melanurus, therefore, can be result of ontogenetic variation. This is
further evidenced by the observed in the large specimen of Chatrabus melanurus (USNM
325744, 156.4 mm SL), where the origin of the first epineural bone is positioned at the level
first neural spine of the first vertebra.
The similarity in the origin of the first epineural between Porichthyinae and other
acanthomorphs potentially indicates that, within Batrachoidiformes, the first epineural
originating at the level of the neural arch is likely the plesiomorphic condition. Therefore,
having the origin of the first epineural bone at the level of the neural spine of the first
vertebra could be a potential synapomorphy grouping Batrachoidinae, Halophryninae, and
Thalassophryninae.
The hypothesis of a clade comprising Batrachoidinae, Halophryninae, and
Thalassophryninae differs from all relationships proposed by Greenfield et al. (2008).
Although the phylogenetic trees found by these authors have low support and are conflicting
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regarding the interrelationships among subfamilies, none of their presented consensus trees
suggested such relationship. Greenfield’s et al. (2008) did not investigate the morphological
variation in the intermuscular bones and tendons, and the inclusion of characters from this
complex could aid the resolution of the relationships among these subfamilies.

Monophyly and interrelationships of Thalassophryninae. The anterior region of the axial
skeleton of Thalassophryninae is distinct among Batrachoidiformes in that the neural spine of
the first vertebra are anterodorsally directed and the neural spines of vertebra two and three
are vertically positioned. This is in contrast to posterodorsally oriented neural spines in other
batrachoidiform and acanthomorph fishes. Myomeres of the first and second vertebrae in
Thalassophryninae are also have a sigmoidal shape, with fibers of the dorsal anterior cone
projecting laterally. Epineurals 2–4 are positioned anteriorly and are associated with
myomeres of vertebrae one, two, and three (Fig. 15). All Thalassophryninae have thick
tendons in the surrounding the external margin of the epaxial and hypaxial flanking parts of
the myomeres, which are two times wider than the first epineural bone. No
Batrachoidiformes or other acanthomorphs that were examined had this character. These
could be synapomorphies supporting the Thalassophryninae as a clade.
The intermuscular series may also be phylogenetically informative at lower
taxonomic levels. Thalassophryne maculosa and T. natteri share a second epineural bone that
is about 1.5 times longer than the first epineural, whereas the first and second epineural bones
in species of Daector, Thalassophryne amazonica, and T. montevidensis are similar in length.
The typical condition in Acanthomorphata is to have the first and second epineurals of
similar lengths. However, it is not possible to infer that the elongate condition observed in T.
maculosa and T. natteri is the apomorphic state without performing a comprehensive
phylogenetic analysis that includes the other species of Batrachoidiformes. Similar variation
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in the size of the first and second epineurals are observed in several other genera of
Halophryninae. Their position in the phylogenetic tree of Batrachoidiformes could affect the
optimization of this character within Thalassophryninae.

Morphology of the Second Epineural Bone. Both the structure and position of the second
epineural bone are variable within Batrachoidiformes, and are potentially phylogenetically
informative. The second epineural originates on the neural spine of the second vertebra in of
Halophryninae, extending throughout the fibers of the dorsal anterior cone. Its distal tip
inserts into the horizontal septum. This is similar to the in other Percomorphacea.
The second epineural of Thalassophryninae originates on the neural spine of the first
vertebra, contrasting with an origin on the second vertebra in Halophryninae and other
Percomorphacea. We propose this condition as a synapomorphy of the subfamily
Thalassophryninae.
The second epineural of Batrachoidinae does not contact the vertebral column but
rather has its origin in the fibers of the dorsal anterior cone at the level of the neural arch, and
extends only in the distal part of the myoseptum. This arrangement stands in contrast with
that observed in Halophryninae and other acanthomorph fishes in which the second epineural
extends throughout the myoseptum and has its origin contacting the vertebral column (at the
level of neural spine in Halophryninae; at the neural arch or in the horizontal septum in
Acanthomorpha). We suggest this is a synapomorphy supporting the monophyly of the
Batrachoidinae.
Porichthyinae is also distinctive in this region – lacking the second and third epineural
bones. Fiber bundles of the second epineural tendon are visible, but the epineural bone is
completely absent. Lack of the second epineural has occurred in other acanthomorph fishes,
such as Acanthonus armatus (Ophidiiformes) and Gobiesox meandricus (Gobiesociformes;
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see also Tabs. 1–8 in Patterson and Johnson, 1995). Given the phylogenetic placement of
these taxa relative to Batrachoidiformes (following Campbell et al., 2017; Betancur-R et al.,
2017), the lack of the second epineural is best interpreted as result of convergence. However,
within Batrachoidiformes the absence of the second epineural bone is a synapomorphy
supporting the monophyly of Porichthyinae. In addition to the absence of the second
epineural bone, representatives of Porichthyinae also lack the third epineural bone. The loss
of this bone is another potential synapomorphy of this subfamily, though it is unclear whether
this character is independent from the lack of the second epineural bone.

Epicentral series. The epicentral series is also phylogenetically informative at different
taxonomic levels. Most species of Batrachoidiformes have only epicentral tendons as in other
Acanthomorphata (Johnson & Patterson, 1993; Patterson & Johnson, 1995). Therefore, the
presence of only epicentral tendons seems to be the plesiomorphic condition.
The genera Barchatus, Bifax, Chatrabus, Colletteichthys, Halobatrachus,
Perulibatrachus and Riekertia, all within Halophryninae, have epicentral bones laterally
positioned in the horizontal septum. Epicentral bones are medially continuous with epicentral
ligaments, and these ligaments contact the vertebral column. This is the first description of
epicentral bones for any taxa of Acanthomorphata and we regard their presence in these
genera as a synapomorphy grouping these genera within Halophryninae. Greenfield et al.
(2008) found that Barchatus, Bifax, Chatrabus, Colletteichthys, Halobatrachus,
Perulibatrachus and Riekertia to be closely related, however, their hypothesis considers that
Batrichthys apiatus, which taxon lacks epicentral bones, are nested among these other genera.
Following Greenfield’s et al. (2008) hypothesis, the presence of epicentral bones would still
be considered a synapormorphy grouping all these taxa, with epicentral bones being
secondarily lost in Batrichthys apiatus.
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Representatives of Thalassophryninae and Porichthyinae have thick epicentral
tendons; two to three times wider than the epineural bones associated with the same
myomere. In Batrachoidinae and Halophryninae, epicentral tendons are slender, having a
similar width as the epineural bone associated with the myomere. This is similar to other
Acanthomorphata (Patterson & Johnson, 1995; Gemballa & Britz, 1998; Johnson &
Patterson, 2001). Thick epicentral tendons could be a synapomorphy uniting
Thalassophryninae and Porichthyinae, although a test of congruence is needed to test this
hypothesis.

5. CONCLUSIONS
The intermuscular series of Batrachoidiformes proved to be phylogenetically variable
at several taxonomic levels. The use of several methodologies enabled a more complete
understanding of the morphology of the myosepta of Batrachoidiformes, a crucial step for
understanding the homology of each element of the intermuscular series. The use of noninvasive techniques (e.g., CT scanning) enabled the study of a wide diversity of
Batrachoidiformes. This investigation demonstrated the importance of assessing intraordinal
morphological variation before inferring the homology of elements in higher taxonomic
levels. The main findings and conclusions are summarized below:

5. 1. Batrachoidiformes has a first epineural bone that is two to three times wider than
posterior epineurals and articulates distally with the cleithrum. This arrangement is a
potential synapomorphy of Batrachoidiformes, as previously proposed by Wiley & Johnson
(2010).
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5. 2. The origin of the first epineural bone of Batrachoidinae, Halophryninae, and
Thalassophryninae is at the level of the neural spine. This is in contrast with Porichthyinae
and the other Acanthomorphata, in which the origin of these epineural bones is it either at the
level of the neural arches or in the horizontal septum.

5. 3. The morphology of the second epineural bone in subfamilies of Batrachoidiformes is
variable and can be phylogenetically informative. In Halophryninae, the second epineural
bone originates in the neural spine of the second vertebra and extends through the fiber
bundles of the dorsal anterior cone, with its distal part inserting into the horizontal septum. In
Thalassophryninae, the second epineural bone is anteriorly positioned, having its origin at the
level of the neural spine of the first vertebra. The second epineural of Batrachoidinae does
not contact the vertebral column, and its origin and position is the distal part of the fiber of
the dorsal anterior cone. The second and third epineural bones are absent in Porichthyinae,
and the absence of these bones supports the monophyly of this subfamily.

5. 4. The anterior region of the axial skeleton of Thalassophryninae is unique, with the neural
spines of vertebrae 1–3 being anterodorsally directed, and epineural bones 2–4 being
anteriorly positioned, interacting with the myoseptal fibers of vertebrae 1–3. The morphology
of the bundles of the dorsal anterior cone is unique (sigmoid and laterally projected), in
contrast to straight fibers posterolaterally directed of other Batrachoidiformes.
Thalassophryninae are also characteristic for thick tendons in the external margin of the
epaxial and hypaxial flanking parts, which are two times wider than the first epineural bone.
These shared characteristics can be potential synapomorphies supporting the monophyly of
Thalassophryninae.
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5. 5. Epicentral tendons are present in all Batrachoidiformes. Epicentral bones that are
continuous with epicentral ligaments are present in genera Barchatus, Bifax, Chatrabus,
Colletteichthys, Halobatrachus, Perulibatrachus and Riekertia (Halophryninae). The
presence of epicentral bones can be interpreted as a synapomorphy of these genera within the
subfamily. This is also the first time that epicentral bones are described for any taxa in
Acanthomorphata.

5. 6. The presence of epicentral bones in the horizontal septum, occurring in conjunction with
epineural bones, offer evidence that the dorsal series of bones inside the horizontal septum
are epineurals, whereas the ventral series are epicentrals. This supports the hypothesis that the
single series of ossified intermuscular bones in Percomorphacea are epineurals, as proposed
by Patterson & Johnson (1995) and Johnson & Patterson (2001).

5. 7. Epineural tendons were found in conjunction with epineural bones in all
Batrachoidiformes, further supporting that the series of intermuscular bones extending
through the body of Batrachoidiformes and other Percomorphacea are epineurals. This
finding rejects the hypothesis of Gemballa & Britz (1998) that the single series of
intermusculars in Percomorphacea are epicentrals. Descriptions of epineural tendons of
Batrachoidiformes (also observed in other Acanthomorphata; e.g., Ophidion grayi,
Ophidiidae) reject the proposal of Johnson & Patterson (2001) that epineural tendons are
diffuse arrays of collagen fibers.

5. 8. Neoneural ligaments described by Johnson & Paterson (1995) are homologous to lateral
tendons of the dorsal anterior cone, and not to epineural tendons as suggested by Gemballa &
Britz (1998).
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DATA AVAILABILITY STATEMENT. The data that support the findings of this study
are openly available in Morphosource at https://www.morphosource.org/. Reference numbers
follows the catalog number of all specimens that were CT-scanned in the appendix list.
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APPENDIX 1. LIST OF EXAMINED MATERIAL

Batrachoidiformes (65 species)

Batrachoidinae
Amphichthys cryptocentrus (4). cleared-and-stained: USNM 144888, aprox 30.0 mm SL;
USNM 226515, 126.7 mm SL. CT-scanned: USNM 226515 (2), 151.5 mm SL, 145.7 mm
SL.

Batrachoides liberiensis (3). cleared-and-stained: USNM 219393 (2), 90.2 mm SL, 105.8
mm SL. CT-scanned: USNM 219393, 116.4 mm SL.

Batrachoides manglae (2). cleared-and-stained: USNM 226605, 20.4 mm SL. CT-scanned:
USNM 226605, 67.0 mm SL.
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Batrachoides pacifici (6). cleared-and-stained: UF 227127 (4), 45.7 mm SL, 54.3 mm SL,
61.6 mm SL, 73.5 mm SL; USNM 144886(2), 36.1 mm SL, 46.8 mm SL. CT-scanned:
USNM 144886, 98.0 mm SL.

Batrachoides waltersi (3). cleared-and-stained: USNM 367548, 60.2 mm SL; USNM
369505, 47.8 mm SL. CT-scanned: USNM 367548, 150.9 mm SL.

Batrachoides boulengeri (2). cleared-and-stained: USNM 220127, 101.1 mm SL. CTscanned: USNM 220127, 129.6 mm SL.

Batrachoides gilberti (3). cleared-and-stained: FMNH 84549, 73.0 mm SL; UF 12013, 28.8
mm SL. CT-scanned: FMNH 84549, 80.8 mm SL

Batrachoides goldmani (2). cleared-and-stained: USNM 219383, 72.6 mm SL. CT-scanned:
USNM 219383, 116.0 mm SL

Batrachoides surinamensis (3). cleared-and-stained: FMNH 88024, 76.9 mm SL; UF 23108,
113.2 mm SL. CT-scanned: UF 23108, 110.5 mm SL.

Opsanus beta (3). cleared-and-stained: UF89642, 38.1 mm SL; UF 153948, 60.5 mm SL,
75.8 mm SL.

Opsanus pardus (4). UF 153830, 52.1 mm SL; VIMS 38032, 57.4 mm SL; VIMS 38031,
86.6 mm SL. CT-scanned: VIMS 38033, 90.5 mm SL.
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Opsanus phobetron. CT-scanned: UF 227128, 123.6 mm SL.

Opsanus tau (14). cleared-and-stained: VIMS 34755, 24.0 mm SL; VIMS 34756, 29.9 mm
SL; VIMS 34763, 32.4 mm SL; VIMS 34765, 75.9 mm SL; VIMS 34769, 28.3 mm SL;
VIMS 34770, 35.1 mm SL; VIMS 34771, 37.6 mm SL; VIMS 34772, 52.1 mm SL; VIMS
34778, 36.4 mm SL; VIMS 34781, 27.7 mm SL; VIMS 34782, 28.9 mm SL; VIMS 34783,
47.8 mm SL; VIMS 34783, 57.1 mm SL. Dry skeleton. VIMS uncat (approx. 230.0 mm SL).

Potamobatrachus trispinosus. cleared-and-stained: USNM 330064, 49.5 mm SL (paratype).

Sanopus astrifer. CT-scanned: USNM 209720, 246.2 mm SL.

Sanopus barbatus (4). cleared-and-stained: MCZ 44549, 27.5 mm SL; SIO 67-45, 90 mm SL.
CT-scanned: MCZ 44550, 36.0 mm SL. X-ray: USNM 211322, 250.0 mm SL.

Sanopus reticulatus. CT-scanned: UF 112976, 205.0 mm SL.

Sanopus greenfieldorum. CT-scanned: USNM 415327, 24.6 mm SL.

Sanopus splendidus. CT-scanned: SIO 15-2641, 217.6 mm SL.
Vladichthys gloverensis (5). cleared-and-stained: FMNH 104587, 39.3 mm SL; USNM
218916, 52.0 mm SL, 60.4 mm SL; USNM 267789, 19.2 mm SL. CT-scanned: USNM
267789, 50.0 mm SL

Porichthyinae
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Aphos porosus (5). cleared-and-stained: USNM 309738 (4), 152.3 mm SL, 98.6 mm SL, 89.4
mm SL, 77.5 mm SL. CT-scanned: USNM 305005, 151.4 mm SL.

Porichthys bathoiketes. cleared-and-stained: UF 228539, 73.5 mm SL. CT-scanned: UF
12965 (paratype), 93.8 mm SL.

Porichthys greenei (6). cleared-and-stained: UF 226105 (5), 37.1 mm SL, 44.0 mm SL, 50.7
mm SL, 56.2 mm SL, 60.7 mm SL. CT-scanned: UF 226105, 64.9 mm SL

Porichthys margaritatus (11). cleared-and-stained: UF 226009 (5), 70.2 mm SL, 70.3 mm
SL, 78.8 mm SL, 89.4 mm SL, 99.2 mm SL; USNM 101730 (5), 19.3 mm SL, 27.9 mm SL,
33.4 mm SL, 39.2 mm SL, 41.3 mm SL. CT-scanned: UF 225009, 121.8 mm SL

Porichthys notatus (5). cleared-and-stained: FMNH 122401, 120.24 mm SL; USNM 104530
(2), 98.2 mm SL, 98.3 mm SL; VIMS 38017, 84.0 mm SL; VIMS 38018, 84.8 mm SL.
Ontogenetic series: 31 specimens of size ranging from 5.4 to 21.5 mm TL. VIMS 40257, 6.5
mm TL (no SL); VIMS 40258, 15.8 mm TL (14.3 mm SL); VIMS 40259, 14.6 mm TL
(13.12 mm SL); VIMS 40260, 18.4 mm TL (16.1 mm SL); VIMS 40261, 18.5 mm TL (16.3
mm SL); VIMS 40262, 7.11 mm TL (no SL); VIMS 40263, 6.8 mm TL (no SL); VIMS
40264, 21.64 mm TL (18.6 mm SL); VIMS 40265, 17.4 mm TL (15.4 mm SL); VIMS
40266, 12.9 mm TL (11.9 SL); VIMS 40267, 11.4 mm TL (10.6 mm SL); VIMS 40268, 10.8
mm TL (10 mm SL); VIMS 20469, 13.1 mm TL (11.8 mm SL); VIMS 40270, 15.4 mm TL
(14.3 mm SL); VIMS 40271, 15.2 mm TL (13.7 mm SL); VIMS 40272, 11.7 mm TL (10.9
mm SL); VIMS 40273, 10.3 mm TL (9.7 mm SL); VIMS 40274, 6.8 mm TL (no SL); VIMS
40275, 8.4 mm TL (no SL); VIMS 40276, 12.5 mm TL (11.5 mm SL); VIMS 40277, 9.8 mm
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TL (no SL); VIMS 40278, 8.7 mm TL (no SL); VIMS 40279, 8.3 mm TL (no SL); VIMS
40280, 8.4 mm TL (no SL); VIMS 40281, 7.8 mm TL (no SL); VIMS 40282, 6.2 mm TL (no
SL); VIMS 40283, 7.3 mm TL (no SL); VIMS 40284, 7.9 mm TL (no SL); VIMS 40285, 6
mm TL (no SL); VIMS 40286, 6.4 mm TL (no SL); VIMS 40287, 5.4 mm TL (no SL).

Porichthys pauciradiatus (2). cleared-and-stained: UF 226549, 44.6 mm SL. CT-scanned: UF
226549, 50.3 mm SL.

Porichthys cf. plectrodon: cleared-and-stained: USNM 302134 (6), 48.7 mm SL, 53.5 mm
SL, 56.1 mm SL, 58.6 mm SL, 75.5 mm SL, 77.6 mm SL.

Porichthys plectrodon/porosissimus (5). MZUSP 45398, 35.0 mm SL, 40.0 mm SL; VIMS
1132, 55.7 mm SL, 81.5 mm SL. CT-scanned: MCZ 170729, 150.8 mm SL.

Porichthys ephippiatus. cleared-and-stained: SIO 73-243, 65.6 mm SL.

Porichthys myriaster. CT-scanned: SIO 64-883, 137.5 mm SL.

Thalassophryninae
Daector dowi (12). cleared-and-stained: UF 226263 (9), 43.1 mm SL, 47.9 mm SL, 60.0 mm
SL, 65.2 mm SL, 73.1 mm SL, 73.7 mm SL, 82.3 mm SL, 84.0 mm SL; 89.6 mm SL; USNM
206532 (2), 59.7 mm SL, 79.1 mm SL. CT-scanned: UF 226263, 105.7 mm SL

Daector reticulata. CT-scanned: UF 225055, 144.0 mm SL.
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Daector quadrizonatus. CT-scanned: USNM 206335, 97.3 mm SL.

Daector schmitti. CT-scanned: SIO 70-140-60, 159.8 mm SL.

Thalassophryne amazonica (2). cleared-and-stained: ANSP 178103, 76.8 mm SL. CTscanned: ANSP 178103, 94.3 mm SL.

Thalassophryne nattereri (4). cleared-and-stained: MZUSP 47262, 114.8 mm SL; MZUSP
47283, 70.4 mm SL; USNM 302333, 69.4 mm SL. CT-scanned: USNM 302333, 113.0 mm
SL.

Thalassophryne maculosa (5). USNM 199524 (2), 64.4 mm SL, 84.2 mm SL; USNM 200558
(2), 26.0 mm SL, 36.1 mm SL. CT-scanned: USNM 200558, 137.6 mm SL.

Thalassophryne montevidensis. CT-scanned: USNM 200350, 40 mm SL.

Halophryninae
Allenbatrachus grunniens. cleared-and-stained: FMNH 51762, 114.3 mm SL. CT-scanned:
LSUMZ-F 14041, 87.3 mm SL.

Allenbatrachus reticulatus (3). cleared-and-stained: FMNH 47420, 94.6 mm SL; USNM
333283, 45.8 mm SL (c&s). CT-scanned: USNM 333283, 61.4 mm SL.

Barchatus cirrhosus. CT-scanned: USNM 221140, 133.9 mm SL.
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Barchatus indicus. CT-scanned: USNM 305979, 128.6 mm SL (holotype).

Batrachomoeus dahli. CT-scanned: AMI 13282, 49.2 mm SL.

Batrachomoeus dubius (5). cleared-and-stained: AMI 17793-002, 114.5 mm SL; AMI 20605009 (2), 119.1 mm SL, 114.9 mm SL; CSIRO CA 1223, 78.9 mm SL. CT-scanned: CSIRO
CA-550, 119.5 mm SL.

Batrachomoeus occidentalis. CT-scanned: AMI 18472-002 (paratype), 65.3 mm SL.

Batrachomoeus rubricephalus. CT-scanned: AMI 18473-001 (paratype), 220.8 mm SL.

Batrachomoeus trispinosus (5). cleared-and-stained: AMI 15557-280, 116.1 mm SL; CSIRO
A-2185, 33.1 mm SL; USNM 423891, 105.7 mm SL. CT-scanned: LSUMZ-F 16715, 84 mm
SL; USNM 423891, 128.5 mm SL.

Batrichthys apiatus (3). cleared-and-stained: SAIAB 12728, 52.8 mm SL; SAIAB 70353,
72.0 mm SL. CT-scanned: SAIAB 12736, 46.3 mm SL.

Bifax lacinia. CT-scanned: CAS 81232 (paratype), 232.1 mm SL.

Chatrabus damaranus. CT-scanned: USNM 309740, 215 mm SL.

Chatrabus hendersoni. CT-scanned and cleared-and-stained: SAIAB 70864, 110.9 mm SL.
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Chatrabus melanurus (2). cleared-and-stained: SAIAB 13859, 18.3 mm SL. CT-scanned:
USNM 325744, 156.4 mm SL.

Colletteichthys dussumieri (2). cleared-and-stained: USNM 226512, 84.5 mm SL. CTscanned: UF 146291, 101.6 mm SL.

Colletteichthys flavipinnis. USNM 221342, 132.2 mm SL.

Colletteichthys occidentalis (3). cleared-and-stained: USNM 147914, 45.0 mm SL; UW
158273, 85.4 mm SL. CT-scanned: LSUMZ-F 18075, 79.6 mm SL; USNM 147914, 104.4
mm SL.

Halobatrachus didactylus (5). cleared-and-stained: UF 216854, 81.0 mm SL; USNM 205066
(2), 59.5 mm SL, 68.1 mm SL. CT-scanned: CAS 234463, 75.3 mm SL; USNM uncat HABst53, 120.0 mm SL.

Halophryne diemensis (5). cleared-and-stained: AMI 6162, 100.0 mm SL; AMI 23930-001,
24.0 mm SL; USNM 174023, 113.8 mm SL; USNM 174024, 55.7 mm SL. CT-scanned:
CSIRO H-4155, 86.4 mm SL.

Halophryne hutchinsi. X-ray: USNM 219717, 96.0 mm SL. CT-scanned: USNM 424661, 83
mm SL.

Halophryne occellatus (3). cleared-and-stained: H-3253-06, 25.1 mm SL. CT-scanned:
CSIRO C2767, 58.7 mm SL, H2784-10, 41.9 mm SL.
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Halophryne queenslandiae (2). CT-scanned: AMI 9500, 117.5 mm SL; CSIRO C2824, 178.3
mm SL.

Perulibatrachus aquilonarius. CT-scanned: CAS 231001, 245.0 mm SL.

Perulibatrachus rossignoli (4). CT-scanned: CAS 225368 (2), 154.0 mm SL, 111.4 mm SL;
FMNH 117453, 167.4 mm SL; SAIAB 67750, 146.6 mm SL.

Riekertia ellisi. CT-scanned: SAIAB 12739, 233.2 mm SL.

Triathalassothia argentina (2). cleared-and-stained: USNM 214438, 100.0 mm SL. CTscanned: USNM 214438, 104.6 mm SL.

Triathalassothia lambaloti. MZUSP 47298, 82.91 mm SL (abdominal dissection only).

Outgroups (51 spp).
Ammodytidae.
Ammodytes hexapterus (2). cleared-and-stained: VIMS 38003, 78.5 mm SL, VIMS 38004,
85.0 mm SL.

Aulorhynchidae.
Aulorhynchus flavidus. cleared-and-stained: VIMS 38002, 78.8 mm SL

Bathymasteridae.
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Bathymaster leurolepis. CT-scanned: UW 47989, 127.0 mm SL
Ronquilus jordani. CT-scanned: VIMS 31082, 143.0 mm SL

Blenniidae.
Chasmodes bosquianus. cleared-and-stained: VIMS 38038, 70.2 mm SL

Callionymidae
Callionymus japonicus. cleared-and-stained: USNM 342662, approx. 60.0 mm SL.

Carangidae.
Selene setapinnis. VIMS 38001, 44.5 mm SL

Centrarchidae.
Ambloplites rupestris. cleared-and-stained: VIMS 2363, 123.0 mm SL
Lepomis sp. cleared-and-stained: VIMS 38044, 52.9 mm SL

Cottidae.
Artedius fenestralis. cleared-and-stained: VIMS 38006, 42.5 mm SL.
Enophrys bison. cleared-and-stained: VIMS 38008, 27.5 mm SL
Myoxocephalus polyacanthocephalus. cleared-and-stained: VIMS 38013, 36.8 mm SL

Clupeiformes
Clupeidae. Clupea harengus. cleared-and-stained: VIMS 38007, 71.1 mm SL
Engraulidae. Anchoa mitchilli (3). cleared-and-stained: VIMS 38023, 54.6 mm SL; VIMS
38024, 50.7 mm SL; VIMS 38025, 41.3 mm SL
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Dactylopteridae.
Dactylopterus volitans. cleared-and-stained: VIMS 04951, 45.5 mm SL

Dactyloscopidae.
Dactyloscopus tridigitatus. cleared-and-stained: MZUSP uncat, 53.5 mm SL

Draconettidae.
Centrodraco oreganus. cleared-and-stained: USNM 159234, 76.5 mm SL

Ephippidae.
Chaetodipterus faber. cleared-and-stained: VIMS 8021, 44.1 mm SL

Epigonidae.
Epigonus pandonius. cleared-and-stained: VIMS 7468, 119.0 mm SL

Gadiformes
Gadidae.
Microgadus proximus. cleared-and-stained: VIMS 38012, 50.0 mm SL

Phycidae.
Urophycis tenuis. cleared-and-stained: VIMS 4148 (2), 59.3 mm SL, 49.6 mm SL

Gerreidae.
Eucinostomus argenteus. cleared-and-stained: VIMS 8091, 62.5 mm SL
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Gobiesocidae
Gobiesox meandricus. CT-scanned: FHL uncat, 79.0 mm SL
Gobiesox strumosus. cleared-and-stained: VIMS 38039, 58.1 mm SL

Gobiidae.
Gobiosoma bosc. cleared-and-stained: VIMS 38040, 30.8 mm SL

Hexagrammidae.
Hexagrammos stelleri. cleared-and-stained: VIMS 38009, 104.0 mm SL

Labridae.
Tautoga onitis. cleared-and-stained: VIMS 533, 70.4 mm SL

Liparidae.
Liparis inquilinus. cleared-and-stained: VIMS 1670, 40.0 mm SL.
Liparis dennyi. cleared-and-stained: VIMS 38060, 62.0 mm SL.

Antennariidae.
Histrio histrio. cleared-and-stained: USNM 269469 (2), 52.0 mm SL, 54.1 mm SL

Lophiidae.
Lophius americanus. cleared-and-stained: VIMS 3267, 80.0 mm SL
Lophiomus setigerus. cleared-and-stained: USNM 216983, 137.0 mm SL
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Ophidiidae.
Acanthonus armatus. cleared-and-stained: VIMS 7050, 124.9 mm SL
Ophidion grayi. cleared-and-stained: VIMS 7445, 78.3 mm SL

Pholidae.
Apodichthys fucorum. cleared-and-stained: VIMS 38005, 61.6 mm SL
Pholis laeta. cleared-and-stained: VIMS 38015, 94.2 mm SL

Achiridae.
Trinectes maculatus. cleared-and-stained: VIMS 38037, 57.9 mm SL

Cynoglossidae.
Symphurus sp. cleared-and-stained: VIMS 38022, 59.7 mm SL

Pleuronectidae
Parophrys vetulus. cleared-and-stained: VIMS 38014, 60.3 mm SL
Isopsetta isolepis. cleared-and-stained: VIMS 38010, 102.5 mm SL

Sciaenidae
Bairdiella crysoura. cleared-and-stained: VIMS 38027 (7, developmental series), from 4.2 to
10.1 mm SL

Menticirrhus americanus. cleared-and-stained: VIMS 38029, 36.0 mm SL
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Micropogonias undulatus. cleared-and-stained: VIMS 38041 (7, developmental series), from
8.2 to 27.2 mm SL; VIMS 38028 (7, developmental series), from 9.4 to 14.0 mm SL

Triglidae.
Prionotus carolinus. cleared-and-stained: VIMS 38030, 48.3 mm SL

Scaridae.
Scarus iseri. cleared-and-stained: VIMS 25137, 29.7 mm SL

Stichaeidae.
Bryozoichthys marjorius. CT-scanned: VIMS 14137, 176.8 mm SL
Lumpenus sagitta (1). cleared-and-stained: VIMS 38011, 77.5 mm SL
Xiphister mucosus. cleared-and-stained: VIMS 38021, 55.6 mm SL

Stromateidae.
Peprilus triacanthus. cleared-and-stained: VIMS 38000, 42.0 mm SL

Syngnathidae
Syngathus sp. cleared-and-stained: VIMS 38026, 35.0 mm SL
Syngnathus leptorhynchus. cleared-and-stained: VIMS 38019, 142.1 mm SL; VIMS 38020,
144.2 mm SL

Tetraodontidae.
Lagocephalus laevigatus. cleared-and-stained: VIMS 38034, 20.7 mm SL; VIMS 38035, 33.8
mm SL
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Zoarcidae.
Zoarces americanus. cleared-and-stained: VIMS 7640, 150.0 mm SL
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TABLES
Table 1. Meristic data of the intermuscular series of Halophryninae, summarized by genus. In
parenthesis, it is described the number of examined species and the total valid species for
each genus. † indicates species that were examined only with CT-scan. Abbreviations: B+L,
Bone associated with ligament; En, Epineural bone; HS, Horizontal Septum; NA, neural arch;
NS, neural spine; T, Tendon; V, vertebra; Vc, vertebral centrum; §, position of the of
epineural bone 1 in relation to the neural arch instead of spine might be result of early stages
of development. See topic 4.4 in the discussion.
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Halophryninae
Genus

Epineural

Topological Origin

Epicentral

Epipleural

Bone

Epineural Bone

Series

Series

NS

NA

VC

HS

T

B+L

Allenbatrachus (3 of 3)

V1 to V16-V19

En1 to En2-En3

En3 to En4

En5 to En6-En7

En7-En8 to En16-En19

V2-V4 to V9-V10

-

V11-V12 toV19- V23

Batrachomeus (5 of 5)

V1 to V18-V23

En1 to En3

En4 to En5

En5

En6 to En18-En23

V3-V6 to V9

-

V12-V13 to V22

Batrichthys (1 of 2)

V1 to V23-V24

En1 to En3

En4 to En5

-

En6 to En23-En24

V6 to V9-V10

-

V10 to V13

Halophryne (3 of 4)

V1 to V18-V22

En1 to En2

En3 to En4

En4-En5 to En5En7

En6-En8 to En18-En22

V3-V5 to V8-V9

-

V12 to V19

V1 to V23

En1 to En2

En3 to En4

En5 to En6

En7 to En23

V3 to V5, V10 to V11

V6 to V9

V12 to V23

V1 to V19-V20

En1 to En2

En3 to En5-En6

En6 - En7

En7-En8 to En19-En20

-

V6 to V10

-

V1 to V23

En1 to En3

En3 to En7

En8 to En9

En10 to En23

-

V7 to V13

-

Chatrabus (3 of 4)

V1 to V19-V24

En1 to En2-En3

En1§, En3 to En4-En5

En4-En5 to En6En7

En7-En8 to En23-En24

-

V5-V7 to V10

V13 to V25

Colletteichthys (3 of 3)

V1 to V20-V23

En1 to En2

En3 to En4-En5

En5 to En6

En6-En7 to En20-En23

V5

V6 to V10

V11 to V20

Perulibatrachus (2 of 4) †

V1 to V18-V21

En1 to En2

En3 to En4-En5

En5 to En6

En7 to En18-En21

-

V6-V7 to V9-V10

-

Riekertia (1 of 1) †

V1 to V22

En1 to En2

En3 to En5

En6

En7 to En22

-

V6 to V9

-

Triathalassothia (1 of 2)

V1 to V12

En1 to En2

En3

En 5 to En6

En7 to En12

V7 to V10

-

V11 to V16

Halobatrachus (1 of 1)

Barchatus (2 of 2) †

Bifax (1 of 1) †
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Table 2. Meristic data of the intermuscular series of Batrachoidinae, summarized by genus. In
parenthesis, it is described the number of examined species and the total valid species for
each genus. Abbreviations: B+L, Bone associated with ligament; En, Epineural bone; HS,
Horizontal Septum; NA, neural arch; NS, neural spine; T, Tendon; V, vertebra; Vc, vertebral
centrum; §, position of the of epineural bone 1 in relation to the neural arch instead of spine
might be result of early stages of development. See topic 4.4 in the discussion.
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Batrachoidinae
Genus

Epineural

Topological Origin

Epicentral

Epipleural

Bone

Epineural Bone

Series

Series

NS

NA

VC

HS

T

B+L

Amphichthys (1 of 1)

V1 to V27

En1

En2 to En3

En4 to En8

En9 to En27

V5 to V11

-

V12 to V27

Batrachoides (8 of 9)

V1 to V21-V24

En1

En1§-En2 to En3-En4

En3-En5 to En6

En5-En7 to En16-En24

V4-V8 to V8-V10

-

V11-V12 to V19-V25

Opsanus (4 of 6)

V1 to V19-V24

En1

En2 to En3

En2-En4 to En6-En7

En7-En8 to En19-En24

V6-V7 to V10

-

V11-V13 to V22-V28

V1 to V17

En1

En2 to En5

En6

En7 to En17

V7 to V9

-

V13 to V23

V1 to V21-V23

En1

En2 to En3-En5

En4-En6 to En6-En8

En6-En9 to En21-En23

V9 to V11-V13

-

V14-V15 to V25-V32

V1 to V19

En1

En2 to En5

En6 to En7

En8 to En19

V8 to V10

-

V12 to V22

Potamobatrachus (1 of 1)

Sanopus (4 of 6)

Vladichthys (1 of 1)

177	
  
	
  

Table 3. Meristic data of the intermuscular series of Thalassophryninae, summarized by
genus. In parenthesis, it is described the number of examined species and the total valid
species for each genus. Abbreviations: B+L, Bone associated with ligament; En, Epineural
bone; HS, Horizontal Septum; NA, neural arch; NS, neural spine; T, Tendon; V, vertebra;
Vc, vertebral centrum.
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Thalassophryninae
Genus

Epineural

Topological Origin

Epicentral

Epipleural

Bone

Epineural Bone

Series

Series

NS

NA

VC

HS

T

B+L

Daector (3 of 4)

V1 to V20-V24

En1 to En2

En3 to En4

En5-En6

En6 to En20-En24

V6 to V8-V9

-

V10-V11 to V23

Thalassophryne (4 of 6)

V1 to V18-V21

En1 to En2-En3

En3 to En5

En5 to En6

En6-En7 to En18-En21

V6-V7 to V8-V9

-

V9-V11 to V13-V26
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Table 4. Meristic data of the intermuscular series of Porichthyinae, summarized by genus. In
parenthesis, it is described the number of examined species and the total valid species for
each genus. Abbreviations: B+L, Bone associated with ligament; En, Epineural bone; HS,
Horizontal Septum; NA, neural arch; NS, neural spine; T, Tendon; V, vertebra; Vc, vertebral
centrum.
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Porichthyinae
Genus
Aphos (1 of 1)
Porichthys (7 of 14)

Epineural

Topological Origin

Epicentral

Epipleural

Bone

Epineural Bone

Series

Series

NS

NA

VC

HS

T

B+L

V1, V4 to V22

-

En1

En4 to En8

En9 to En22

V6 to V11

-

V13 to V17

V1, V4 to V20-V24

-

En1

En4 to En5-En9

En6-En10 to En20-En24

V5 to V8-V11

-

V12-V14 to V22-V28
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FIGURES

Fig. 1. Arrangement of myomeres and associated tendons and bones in a basal Teleostei (A–
C) and generalized Percomorphacea (D, E). A. Lateral view of abdominal and caudal region
of Anchoa mitchilli, VIMS 38023 (Engraulidae: Clupeiformes). B, C. Schematic
representation of the myosepta of basal Teleostei (based on Anchoa mitchilli), with epaxial
parts in oblique dorso-anterior view (B) and hypaxial parts in oblique ventro-anterior view
(C). D. Lateral view of abdominal region of Bathymaster leurolepis, UW 47989
(Bathymasteridae: Percomorphacea). E) Schematic representation of the epaxial parts of
myosepta of a generalized Parcomorphacea (based on Bathymaster leurolepis), with epaxial
parts in oblique dorso-anterior view. Color code: dark gray, fiber bundles of the myoseptum;
fade white, tendons; yellow, myorhabdoi; blue, second epineural bone; green, epineural

	
  

182	
  

bones three to last; purple, epicentral bones; orange, epipleural bones. Abbreviation: dac,
dorsal anterior cone; dpc, dorsal posterior cone; ecb, epicentral bone; efp, epaxial flanking
part; enb, epineural bone; ent, epineural tendon; epb, epipleural bone; ept, epipleural tendon;
hs, horizontal septum; lt, lateral tendon; m, myorahbdoi; mt, myorhabdoid tendon; nav,
neural arch of vertebra; nsv, neural spine of vertebra; v, vertebral centrum; vac, ventral
anterior cone; vpc, ventral posterior cone. Schematic representations of B, C, and E were
inspired on Figure 2 of Gemballa et al. (2003).

	
  

183	
  

Fig. 2. A–C. Histological sagittal section of Porichthys notatus representing the arrangement
of the myosepta of Batrachoidiformes, in overall (A) and details of the abdominal (B) and
caudal (C) regions. D, E. Cleared-and-stained specimen of Sanopus barbatus SIO 64-45
demonstrating the arrangement of tendons of the myosepta. Asterisk indicates the dorsal
anterior cone of the single myoseptum that attaches to the occipital region of the
neurocranium. Abbreviation: dac, dorsal anterior cone; dpc, dorsal posterior cone; exo,
exoccipital; lt, lateral tendon; mt, myorhabdoid tendon; nav, neural arch of vertebra; oc,
occipital; vac, ventral anterior cone; vpc, ventral posterior cone.
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Fig. 3. Generalized schematic representation of the myosepta and associated tendons and
intermuscular bones of Batrachoidiformes (diagrams based on the genus Colletteichthys). A–
D. Epaxial parts of the myosepta originating on vertebrae one, two, four, and six. In (B), (C),
and (D), dorsal anterior cone associated to first, second, and fourth vertebra removed,
respectively. E. Hypaxial parts of the myoseptum associated to the third caudal vertebra
(v12). Color code: dark gray, fiber bundles of the myoseptum; fade white, tendons; red, first
epineural bone; blue, second epineural bone; green, epineural bones three to last.
Abbreviations: dac, dorsal anterior cone; dpc, dorsal posterior cone; ent, epineural tendon;
ept, epipleural tendon; hs, horizontal septum; lt, lateral tendon; mt, myorhabdoid tendon; vac,
ventral anterior cone; vpc, ventral posterior cone.
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Fig. 4. Arrangement of epineural bones and tendons of Halophryninae. A–C. CT-scan of
Batrachomeus dubius CSIRO CA1223 in lateral (A), oblique dorso-lateral (B). C. Frontal
view across the first vertebra. D, E. Oblique dorso-lateral view of anterior epineural tendons
and bones of Batrachomeus dubius AMI 17793-02. Color code (for CT-scan): red, first
epineural bone; blue, second epineural bone; green, epineural bones three to last; purple,
epicentral bones. Abbreviations: cl, cleithrum; co, coracoid; enb, epineural bone; ent,
epineural tendon; na, neural arch; ncr, neurocranium; ns, neural spine; pcl, post-cleithrum;
scl, supra-cleithrum; scp, scapula; vc, vertebral centrum.
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Fig. 5. Diversity and variation in the epicentral series of Batrachoidiformes. A. Lateral view
of Barchatus indicus USNM 305979 (Halophryininae). B. Ventral view of abdominal cavity
of Halobatrachus didactylus CAS 234463 (CT-scan). C. Ventral view of the abdominal
cavity of Colletteichthys dussumieri USNM 226512 (cleared-and-stained). D. Ventral view of
abdominal cavity of Porichthys margaritatus UF 225009 (CT-scan). E. Ventral view of
abdominal cavity of Porichthys plectrodon USNM 302134 (cleared-and-stained). Color code
(for CT-scan): red, first epineural bone; blue, second epineural bone; green, epineural bones
three to last; purple, epicentral bones. Abbreviations: cl, cleithrum; ecb, epicentral bone; ecl,
epicentral ligament; ect, epicentral tendon; enb, epineural bone; pop, preopercle; scl, supracleithrum.
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Fig. 6. Diversity and variation in the epicentral series of Halophryninae, ventral view of
abdominal cavities. A–C. Cleared-and-stained specimens. D–F. CT-scanned specimens. A, B.
Chatrabus hendersoni SAIAB 70864. C. Halobatrachus didactylus UF 216854. D.
Perulibatrachus rossignoli SAIAB 67750. E. Barchathus indicus USNM 305979. F.
Colletteichthys flavipinnis USNM 221342. Color code (for CT-scan): red, first epineural
bone; blue, second epineural bone; green, epineural bones three to last; purple, epicentral
bones. Abbreviations: ecb, epicentral bone; ecl, epicentral ligament; enb, epineural bone.
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Fig. 7. Arrangement of muscles superficialis lateralis and posterior oblique tendons in the
abdominal cavity of Triathalassothia. A. Ventral view of abdominal cavity of
Triathalassothia argentina MZUSP 47288, with all organs removed, exposing the dorsal wall
the cavity. B, C. Ventral view of the dorsal surface of abdominal cavity of Triathalassothia
argentina USNM 214438 in higher magnification. In (B), image of a cleared-and-stained
preparation, whereas (C) demonstrates an illustrative diagram of the arrangement of posterior
oblique tendons and the muscles superficialis lateralis. Abbreviations: ect, epicentral tendon;
enb, epineural bone; epx, epaxial muscle; phr, pharynx; pot, posterior oblique tendon; rd,
muscle retractor dorsalis; sl, muscle superficialis lateralis; vc, vertebral column.
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Fig. 8. Morphological variation on the anterior epineurals, in dorsal view. A. Triathalassothia
argentina USNM 214438. B. Batrichthys apiatus SAIAB 70353. C. Halophryne diemensis
CSIRO H-4155. Color code (for CT-scan): red, first epineural bone; blue, second epineural
bone; green, epineural bones three to last. Abbreviations: cl, cleithrum; pcl, post-cleithrum;
scl, supra-cleithrum; soc, supraoccipital.
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Fig. 9. Digital frontal sectioning across the third vertebra. A. Allenbatrachus reticulatus
USNM 333283. B. Batrachomeus dubius CSIRO CA1223. C. Batrichthys apiatus SAIAB
70353. Bones colored in green highlights the shape and origin of the third epineural bone.
Abbreviations: ds, dorsal spine; enb, epineural bone; nav, neural arch of vertebra; nsv, neural
spine of vertebra; pt, pterygiophore.

	
  

191	
  

Fig. 10. Lateral view of the axial skeleton in abdominal region. A. Batrichthys apiatus
SAIAB 70353. B. Bifax lacinia CAS 81232. In Bifax lacinia, epineural bones four to seven
have their proximal tip positioned at the level of the neural arches of the associated vertebrae.
Color code (for CT-scan): red, first epineural bone; blue, second epineural bone; green,
epineural bones three to last; purple, epicentral bones. Abbreviations: ds, dorsal spine; enb,
epineural bone; nav, neural arch of vertebra; nsv, neural spine of vertebra; pt, pterygiophore.
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Fig. 11. Diversity and variation on the intermuscular series of Batrachoidinae. A–C. CTscans of Batrachoides liberiensis USNM 219393 (A) and Sanopus reticulatus UF 112976 (C,
D), in dorsal (A, B) and oblique latero-dorsal (C) views. D, E. Opsanus tau VIMS 34788 in
oblique dorso-lateral view. D. Photograph of the cleared-and-stained preparation. E.
Illustration of representation of the myosepta and epineural bones arrangement. Dashed lines
represent sectioning of the dorsal anterior cone for exposing the following myoseptum.
Asterisk indicates the ventral branch that arises from the second epineural tendon and contact
the second epineural bone. Color code for figures A–C, E: dark gray, fiber bundles of the
myoseptum; fade white, tendons; red, first epineural bone; blue, second epineural bone;
green, epineural bones three to last. Abbreviations: bl, Baudelot’s ligament; cl, cleithrum;
enb, epineural bone; ent, epineural tendon; pcl, post-cleithrum; scl, supra-cleithrum; soc,
supraoccipital; v, vertebra.
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Fig. 12. Abdominal epineural bones of Vladichthys gloverensis in dorsal (A) and ventral (B)
views. A. USNM 267789 (CT-scan). B. USNM 218916 (cleared-and-stained). Note that the
third epineural is shorter than the second and the forth epineural bones, and it is not arranged
in parallel to the adjacent epineurals. Color code (for CT-scan): red, first epineural bone;
blue, second epineural bone; green, epineural bones from three to last. Abbreviations: cl,
cleithrum; enb, epineural bone; pcl, post-cleithrum; scl, supra-cleithrum.
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Fig. 13. Morphological arrangement of the abdominal region of the axial skeleton and
myosepta of Thalassophryninae. A. CT-scan of Daector schmitti SIO 70-140-60 in dorsal
view showing the entire series of epineurals. B. Oblique dorso-lateral view of the abdominal
region of the axial skeleton and intermuscular bones of Daector schmitti SIO 70-140-60. C.
Illustration of the morphology of the dorsal anterior cones of the anterior myosepta of
Daector dowi UF 226623, representing the unique arrangement found in Thalassophryninae.
Dashed lines represent sectioning of the dorsal anterior cone and the tendon of the epaxial
flanking part for exposing the following myoseptum. Color coding: dark gray, fiber bundles
of the myoseptum; fade white, tendons; red, first epineural bone; blue, second epineural
bone; green, epineural bones from three to last. Abbreviations: bl, Baudelot’s ligament; cl,
cleithrum; eft, tendon on the epaxial flanking part; ent, epineural tendon; nav, neural arch of
vertebra; nsv, neural spine of vertebra; op, opercle; pcl, post-cleithrum; scl, supra-cleithrum;
soc, supraoccipital; v, vertebra.
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Fig. 14. Unique morphological features of Thalassophryninae. A. Oblique dorso-lateral view
of the abdominal region showing the thick tendons on the epaxial flanking part of inserting
on the posterior tip of epineural bones (Thalassophryne natteri MZUSP 47262; cleared-andstained). B. Ventral view of the abdominal cavity exposing the robust epicentral tendons
(Daector dowi UF 226263; cleared-and-stained). Abbreviations: cl, cleithrum; ect, epicentral
tendon; eft, tendon on the epaxial flanking part; enb, epineural bone; op, opercle; v, vertebra.
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Fig. 15. Morphological arrangement of the intermuscular series of Porichthyinae. A. Dorsal
view of Porichthys myriaster SIO 64-883 showing the entire series of epineural bones. B.
Lateral view of the anterior region of the axial skeleton and intermuscular bones of
Porichthys myriaster SIO 64-883. C. Oblique dorso-lateral view of Porichthys plectrodon
USNM 302134 (cleared-and-stained) showing the dissociation of epineural tendons and
epineural bones. D. Frontal view across the first vertebra of Porichthys myriaster SIO 64-883
showing the proximal tip of the first epineural bone positioned at the level of the neural arch.
E. Frontal view across the transition between the third and fourth vertebrae of Porichthys
myriaster SIO 64-883 showing the proximal tip of the fourth epineural bone located at the
level of the neural arch. Asterisk in (A) indicates an asymmetrical third epineural bone,
present only on the right side. This is the only specimen where such bone was observed in all
Porichthyinae. Color code (for CT-scan): red, first epineural bone; blue, second epineural
bone; green, epineural bones from three to last. Abbreviations: cl, cleithrum; enb, epineural
bone; ent, epineural tendon; nav, neural arch of vertebra; nsv, neural spine of vertebra; pcl,
post-cleithrum; scl, supra-cleitrum; v, vertebra; vc, vertebral centrum.

	
  

197	
  

Fig. 16. Variation on the anterior epineurals of Ophidiiformes, dorsal view of the anterior
region of the abdominal cavity. A. Porogadus miles VIMS 8394. B. Ophidion marginatum
VIMS 17081. Note the prominent differences in the first and second epineurals between these
species. Color code: red, first epineural bone; blue, second epineural bone; green, epineural
bones from three to last. Abbreviations: cl, cleithrum; enb, epineural bone; exo, exoccipital;
nav, neural arch of vertebra; nsv, neural spine of vertebra; pcl, post-cleithrum; scl, supracleitrum; soc, supraoccipital.
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Fig. 17. Morphological changes in the epineural bones on the early life stages of Porichthys
notatus. A, B. Anterior region of abdominal cavity of larva of 8.37 mm TL (no SL), the
smallest size where the first epineural bone is observed, in dorsal (A) and lateral (B) views.
C. Dorsal view of anterior region of axial skeleton of larva of 13.1 mm TL (11.8 mm SL), the
smallest size when the first epineural bone contacts the neural arch of first vertebra. D.
Oblique dorso-lateral view of anterior region of axial skeleton of larva 14.6 mm TL (13.1 mm
SL). This is the first smallest size where the first epineural bone assumes its juvenile shape
and when the posterior abdominal epineurals where first observed. Asterisk in (C) highlights
the point of contact between the proximal tip of the first epineural bone and the neural arch of
first vertebra. Abbreviations: boc, basioccipital; dc, distal radial cartilage of pterygiophore;
ds, dorsal spine; enb, epineural bone; exo, exoccipital; nav, neural arch of vertebra; pmc,
proximal-middle cartilage of pterygiophore; pt, post-temporal; ptr, pterotic; scl, supracleithrum; vc, vertebral centrum.
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Chapter 3
Skeletal Ontogeny of the Plainfin Midshipmen, Porichthys notatus (Percomorphacea:
Batrachoidiformes)
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Abstract
Batrachoidiformes are a monophyletic group of benthic fishes that utilizes the
undersides of rocks as spawning nests in intertidal habitats. These fishes, which produce large
eggs that are protected by the parents, lack larval dispersal. Rather, their larvae are attached
to the nest and are nourished by a large yolk sac. The evolutionary shift from a feeding, freeswimming to sedentary larva can lead to changes in skeletal development, especially related
to structures associated with feeding and locomotion, which are typically among the earliest
elements to form in teleostean larvae. Further, Batrachoidiformes share unique
specializations, such as five pectoral-fin radials (in contrast to four in other acanthomorphs).
The homology of each pectoral radial is uncertain and its determination has phylogenetic
implications, as variation of these elements has been used in phylogenetic studies. To assess
such changes, an ontogenetic series (5-28 mm TL) of Plainfin Midshipmen, Porichthys
notatus, was collected and cleared-and-stained to observe ontogenetic changes in the
skeleton. In P. notatus the ossification of feeding-related bones, such as pharyngeal
toothplates, occur relatively later than in percomorphs with free-swimming larvae. We
observed that the single cartilaginous element positioned posterior to basibranchial three does
not belong to the basibranchial series. In early stages (6.8-7.1 mm NL), hypobranchial four is
present and distinct as a pair of elements. Around 7.4 mm NL, the paired hypobranchial four
fuses into a single median element positioned posterior to basibrachial three; it remains
cartilaginous and distinct in adult stages. The morphological similarity of this median
element across the diversity of Batrachoidiformes suggests that having the left and right
hypobranchial four elements fused into a single cartilage has occurred in the entire order. The
element previously identified as the dorsalmost pectoral radial is a compound bone formed by
a hypertrophied propterygium fused to an outgrowth of cells from the pectoral radial plate in
early stages of development. The earliest larval stages of P. notatus have three complete
dorsal spines. During late larval development, the growth of the third dorsal spine is
interrupted, resulting in a small bone observed posterior to the second dorsal spine of
juveniles and adults.
1. Introduction
Together with individual and phylogenetic variation, ontogenetic variation is a
primary source of morphological variation (Grande, 2004; Hilton and Bemis, 2012). Early
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ontogeny in particular is fundamental to inform hypotheses of homology for unique
anatomical structures. For example, Johnson and Britz (2005) demonstrated that the clavus of
Molidae (Tetraodontiformes) is formed by elements of the posterior ends of both dorsal and
anal fins, refuting previous hypothesis that the clavus was a highly modified caudal skeleton.
Ontogenetic variation is also informative in systematic analysis. Hilton et al. (2019)
demonstrated that the pattern of ossification of the vertebral column within species of
Bathymasteridae (Zoarcoidei) is variable and the distinct pattern observed in Ronquilus and
Bathymaster could be a synapomorphy grouping these taxa. As for any morphological
feature, the understanding of the value of ontogenetic studies to the systematics of a
particular group of organisms requires broadly comparative ontogenetic data. However,
obtaining complete developmental series is difficult and to date there are relatively few
studies characterizing the early skeletal ontogeny even for exemplar taxa of higher taxonomic
groups. Providing ontogenetic descriptions is crucial to grow the body of knowledge on the
ontogeny of fishes, particularly for relatively closely related taxa (e.g., species within a
family). With more information available, the more robust ontogenetic characters will
become for systematic analyses.
Batrachoidiformes is a relatively small order of percomorph fishes comprising a
single family, Batrachoididae (23 genera with 82 species). These fishes are commonly known
as toadfishes and midshipmen and are small to medium-sized (total length, TL, ranging from
20 to 50 cm), and have a wide, stocky body with a dorsoventrally compressed head that bears
fleshy cirri around their supraorbital region and mouth (Greenfield et al., 2008). Despite the
relatively small size of this order, Batrachoidiformes are distributed worldwide, inhabiting
mostly benthic habitats of coastal regions (Collette, 2003; Greenfield et al., 2008).
Reproductive behavior and early life-history are unknown for most species of
Batrachoidiformes. Collette (2003) summarized most of the information known for the order,
and the most detailed accounts comes from Poricthys notatus (Arora, 1948), Aphos porosus
(Balbontín, 2018), Opsanus tau (Dovel, 1960), and, a lesser extent, Halobratrachus
didactylus (Felix et al., 2016). Male toadfishes are nest builders and vocalize to attract
females during the spawning season (Arora, 1948; Dovel, 1960; Rice and Bass, 2009; Felix et
al., 2016; Balbontín et al., 2018). Females lay large eggs (> 5mm diameter) on the roof of
nests, that are formed by rocks or other hard substrates (Arora, 1948; Dovel, 1960; Britz and
Toledo-Piza., 2012). After hatching, the larvae remain attached to the yolk-sac. The rate of
development is dependent on water temperature and may take up to 60 days (Balbontín et al.,
2018).
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Despite extensive descriptions of the external morphology in early development of
Opsanus tau and Porichthys notatus (Arora, 1948; Dovel, 1960; Watson, 1996), studies and
descriptions of the development of the internal morphology from early-life to adult stages are
mostly lacking for most Batrachoidiformes. Balbontín et al. (2018) offered a generalized
skeletal description of larval specimens of Aphos porosus, however, they did not provide
accounts of individual bones and cartilages. Felix et al. (2016) focused their ontogenetic
descriptions on the stato-acoustic organs and swimbladder of larval stages of Halobatrachus
didactylus. The goal of this manuscript is to describe the ontogeny of the skeleton in
Porichthys notatus, the Plainfin Midshipmen. This species is endemic to the northeast Pacific
Ocean, occurring in coastal areas from British Columbia (Canada) to Bahia Magdalena
(Mexico; Walker and Rosenblatt, 1988). These descriptions will be used as the basis for
homology argumentation and for better understanding the diversity and evolution of highly
modified morphological structures of Batrachoidiformes.

2. Material and Methods
Early life history specimens of Porichthys notatus were collected at Brinnon, WA,
USA, in June 2017 and 2018, during full or new moons at low tides when the nests were
exposed (Fig. 1). Approximately 300 larvae were collected from several nests (more than 10)
and fixed in the same day. Fixation and preservation of specimens follow Kubicek & Conway
(2016). Larval and non-larval specimens were cleared and double stained with alizarin and
alcian blue following protocols adapted from Dingerkus & Uhler (1977) and Taylor & van
Dyke (1985). An important modification made to prevent damage of small specimens (up to
25 mm TL) caused by the acidity of the Alcian Blue 8GX solution was to leave small
specimens immersed in the stain for no longer than two hours. Specimens between 5-10 mm
TL were usually stained after 30 minutes. A subsample of specimens was cleared and singlestained only with alizarin to confirm the time of appearance of bones (Kubicek & Conway,
2016). Results from both approaches were congruent and subsequently combined.
Cleared and stained specimens were examined and dissected with binocular dissecting
microscopes. Images were captured with a Zeiss Axiocam camera attached to a Zeiss
Discovery V20 stereomicroscope. Z-stacked images were rendered to increase the depth of
field using AxioVision software. Images were adjusted for color balance and contrast using
Adobe Photoshop. Figures were also prepared using Adobe Photoshop.
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After specimens were cleared and stained, cartilages and bones were scored as present
(indicated by uptake of stain) or absent (no trace of a stained structure) for each individual
examined, allowing identification of both the smallest specimen in which an element was
present as well as a range of sizes for first occurrence of a structure. Lengths are indicated as
notochord length (NL), standard length (SL), or total length (TL). Terminology of skeletal
elements follows Hilton (2011) and Vaz & Hilton (2020) for the caudal skeleton.
Terminology of early cartilages of the neurocranium follows de Beer (1937). The term larva
was used for specimens that hatched from the egg but remained attached to the rock in the
nest, whether or not the yolk-sac was absorbed (Fig. 2). The term juvenile was used for
specimens that were detached from the rock in their nests and were free-swimming. In this
series, the smallest free-swimming specimens of Porichthys notatus were 24 mm SL.
Institutional abbreviations follow Sabaj (2019).
2.1. Material Examined
The ontogenetic series of Porichthys notatus includes 36 cleared-and-stained
specimens, with sizes ranging from 5.4 to 28 mm TL. VIMS 40257, 6.5 mm NL; VIMS
40258, 14.3 mm SL (15.8 mm TL); VIMS 40259, 13.1 mm SL (14.6 mm TL); VIMS 40260,
16.1 mm SL (18.4 mm TL); VIMS 40261, 16.3 mm SL (18.5 mm TL); VIMS 40262, 7.11
mm NL; VIMS 40263, 6.8 mm NL; VIMS 40264, 18.6 mm SL (21.64 mm TL); VIMS
40265, 15.4 mm SL (17.4 mm TL); VIMS 40266, 11.9 SL (12.9 mm TL); VIMS 40267, 10.6
mm SL (11.4 mm TL); VIMS 40268, 10 mm SL (10.8 mm TL); VIMS 20269, 11.8 mm SL
(13.1 mm TL); VIMS 40270, 14.3 mm SL (15.4 mm TL); VIMS 40271, 13.7 mm SL (15.2
mm TL); VIMS 40272, 10.9 mm SL (11.7 mm TL); VIMS 40273, 9.7 mm SL (10.3 mm TL);
VIMS 40274, 6.8 mm NL; VIMS 40275, 7.9 mm SL (8.4 mm TL); VIMS 40276, 11.5 mm
SL (12.5 mm TL); VIMS 40277, 9.0 mm SL (9.8 mm TL); VIMS 40278, 8.2 mm SL (8.7
mm TL); VIMS 40279, 7.9 mm SL (8.3 mm TL); VIMS 40280, 8.4 mm SL (8.5 mm TL);
VIMS 40281, 7.8 mm NL; VIMS 40282, 6.2 mm NL; VIMS 40283, 7.3 mm NL; VIMS
40284, 7.9 mm NL; VIMS 40285, 6 mm NL; VIMS 40286, 6.4 mm NL; VIMS 40287, 5.4
mm NL; VIMS 40856, 24.3 mm SL (25.7 mm TL); VIMS 40858, 6.7 mm NL; VIMS 40859,
7.4 mm NL.

3. Results

	
  

204	
  

3.1. Skeletal Ontogeny
Neurocranium (Figs. 3, 4). The neurocranium of Porichthys notatus gradually becomes more
dorsoventrally flattened across ontogeny. The width-to-depth ratio is approximately 1:1 to
from 6 to 10 mm SL. In larger larval sizes this ratio increases, to approximately 1.5:1 at 13.1
mm SL (14.6 mm TL) to 2:1 when larvae are free swimming (24.3 mm SL, 25.7 mm TL).
The smallest specimen examined (6.0 mm NL; Fig. 3A) has pair of elongate cartilages, the
trabecula cranii, that extend across the anteromedial ventral surface of the neurocranium.
From the posterior extremity of the trabecular cranii, the anterior basicapsular commissure
projects dorsolaterally and is continuous with the auditory capsule. Anterior to the
commissure there is a small triangular postpalatine process. The auditory capsule is a
rectangular cartilage that extends laterally at the level of the sagitta. The anteroventral edge
of the auditory capsule bears the prootic process. The posteroventral edge of the auditory
capsule also has a small projection that represents the early stages of the posterior
basicapsular commissure. From the ventral edge of the anterior basicapsular commissure, the
parachordal cartilages extend posteriorly lateral to the notochord. The occipital arch extends
dorsally from the posterior edge of the parachordal cartilages to reach the level of the dorsal
margin of the sagitta. At 6.2 mm NL, the anterior tips of the trabecula cranii expands
laterally to form the early stages of the ethmoid plate. The postpalatine and prootic processes
meet to form the lateral commissure, enclosing the foramen for passage of the trigeminal
nerve. The posterior basicapsular commissure extends ventrally to reach the parachordal
cartilage, delimiting the foramen for the vagus nerve. The auditory capsule extends beyond
the dorsal margin of the occipital arch. At 6.8 mm NL the lateral margin of the ethmoid plate
starts to project dorsally, forming the lateral ethmoid cartilages; these reach the dorsal margin
of the head at 7.9 mm SL (8.3 mm TL). The auditory capsule covers the entire posterodorsal
region of the neurocranium at 6.8 mm NL and is continuous with the occipital arch.
The parasphenoid is first present at 7.1 mm NL as a triangular, laminar dermal bone.
It is positioned in the middle of the hypophysial fenestra (i.e., the space between each
trabecular cartilage). The taenia marginalis is first observed at 7.5 mm SL (7.9 mm TL) in
the posterodorsal region of the orbital region. At 7.9 mm SL (8.3 mm TL), the parasphenoid
extends from the anterior third to the middle of the ventral surface of the neurocranium. The
exoccipital is first verified replacing the cartilage of the occipital arch where it posteriorly
encloses the foramen for passage of the vagus nerve. In slightly larger specimens (7.9 mm
SL, 8.4 mm TL; Fig. 3C), a cartilaginous outgrowth connects the anterior tips of the
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trabeculae to form the ethmoid plate. The lateral ethmoid cartilages extend dorsally to reach
the level of the taenia marginalis. The now arrow-shaped parasphenoid extends posteriorly to
the level of the anterior margin of the sagitta. The exoccipital is expanded ventrally and
reaches the anteroventral margin of the foramen for the vagus nerve. The earliest indication
of the basioccipital is observed in this size as endochondral ossifications of the medial
margins of the parachordal cartilages.
At 9 mm SL (9.8 mm TL; Fig. 3D), the early stages of the frontals are present along
the lateral margin of the dorsal surface of the head, dorsomedial to the anterior edge of the
taenia marginalis. At 9.7 mm SL (10.3 mm TL), the frontals expand anterior to the lateral
ethmoid cartilages, forming a triangular bone. The anterodorsal edge of the auditory capsule
is ossified posterior to the taenia marginalis (probably both peri- and endochondral),
representing the earliest stages of the autosphenotic. At this size, the first traces of the
epioccipital are also first found at the posterodorsal edge of the auditory capsule, ventral to
the posttemporal bone. The anterior tip of the notochord ossifies and fuses with the
basioccipital. At 10.9 mm SL (11.7 mm TL; Fig. 3E), the vomer is present as a small,
triangular, laminar bone ventral to the ethmoid plate. The parasphenoid develops a slender
ascending process, extending posterodorsally from the posterior third of the parasphenoid.
The initial endochondral ossification of the pterotic appears in the dorsolateral edge of the
auditory capsule between the autosphenotic and epioccipital. A membranous lamina grows
between the tip of the ossified notochord and the basioccipital.
The frontals expand to meet in the midline and cover the anterior region of the dorsal
roof by 11.8 mm SL (13.1 mm TL). The autosphenotics and pterotics expand to replace most
of the lateral surface of the cartilaginous optic capsule. At this size, an anterolaterally
directed process appears along the dorsolateral edge of the autosphenotic. Ossification of the
prootic is first observed around the foramina for passage of the trigeminal nerve. The
parasphenoid extends posteriorly, nearly contacting the anterior margin of the basioccipital.
The anterior tip of the notochord is entirely ossified at this size, with the membranous lamina
connecting the ossified notochord to the lateral parts of the basioccipital. Ossification of the
exoccipital expands ventrally, replacing most of the embryonic occipital arch cartilage. In the
middle of the anterodorsal margin of the otic capsule (i.e., tectum synoticum), the
perichondral ossification of the supraoccipital is observed, mostly filling the anterior
concavity of the tectum synoticum.
At 13.1 mm SL (14.6 mm TL; Fig. 3F), the nasal bones are present anterior to the
anterodorsal edges of the lateral ethmoid cartilages, which are beginning to ossify
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perichondrally to form the lateral ethmoid bones. The anteromedial margins of the frontals
start fusing at this size. The vomer expands into a triangular bone that covers most of the
anterior part of the ventral surface of the ethmoid plate. The vomer and parasphenoid contact
each other at an interdigitating suture. The earliest stages of ossification of the basisphenoid
occur in the posterodorsal margin of the trabecula at this size, observed as thin and elongate
bone. The groove in the autosphenotic and pterotic that forms the articulation surfaces for the
anterior and posterior heads of the hyomandibula, respectively, begin to form at this size. The
endochondral ossification of the prootic extends posterior to the autosphenotic and covers the
cartilaginous anterior basicapsular commissure almost entirely. At this size, endochondral
ossification of the epioccipital replaces most of the dorsal region of the cartilaginous tectum
synoticum, forming a triangular bone with rounded points. Endochondral ossification of the
supraoccipital is present at the dorsal midline of the tectum synoticum.
Endochondral ossification of the lateral ethmoid is present at 16.1 mm SL (18.4 mm
TL; Fig. 3G), and is expanded medially around the foramen for the olfactory bulb. This
ossification entirely replaces the lateral ethmoid cartilages and dorsally contacts the frontals
at 24.3 mm SL (25.7 mm TL; Fig. 3I). At these sizes, the dorsal margin of the vomer projects
posterodorsally around the ethmoid plate and a pair of vomerine teeth appear on the lateral
edges of the vomer. The frontals extend into the posterior half of the skull roof at 16.1 mm
SL (18.4 mm TL) and they are almost completely fused along the midline (only the posterior
portion remains separate). The frontals project over the anterior margin of the supraoccipital
at 24.3 mm SL (25.7 mm TL). At this latter size, the medial margins of the frontals project
ventrally, forming acute processes that contact the dorsal tip of the basisphenoid. The groove
for the supraorbital canal develops only in juveniles. Ossification of the basioccipital
continues at 16.1 mm SL (18.4 mm TL), replacing the trabecula ventrally. It also expands
dorsally, forming a wide triangular bone that extends from the lateral ethmoid to the posterior
process of the parasphenoid with its dorsal edge projecting anterodorsally, contacting the
ventral process of the frontals at 24.3 mm SL (25.7 mm TL). At 16.1 mm SL (18.4 mm TL),
a cartilaginous taenia marginalis is still present; this cartilage is entirely replaced by a
triangular pterosphenoid at 24.3 mm SL (25.7 mm TL) that is positioned at the dorsolateral
edge of the orbital region. The ascending process of the parasphenoid is rectangular at 24.3
mm SL (25.7 mm TL) and is expanded posteriorly so that it contacts the prootic. At this size
the tip of the anterodorsal process of the autosphenotic becomes rounded and forms an acute
angle with the lateral margin of the frontal. At 16.1 mm SL (18.4 mm TL), the posterior
margin of the prootic extends posteriorly to the level of the anterior margin of the pterotic.
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The dorsolateral margin of the pterotic develops as a membranous ridge, which becomes
distinct at 24.3 mm SL (25.7 mm TL). At this size, the pterotic has replaced most of the
posterodorsal region of the optic capsule; the region ventral to the pterotic remains
cartilaginous (even in juveniles). The medial edge of the epioccipital projects over the lateral
margin of the supraoccipital. The supraoccipital extends posteriorly, reaching the dorsal edge
of the foramen magnum by 16.1 mm SL (18.4 mm TL). At this size endochondral
ossification of the exoccipital meets the posterior tip of the supraoccipital, fully enclosing the
foramen magnum. The basioccipital projects anteriorly to meet the dorsal surface of the
parasphenoid at 24.3 mm SL (25.7 mm TL).
Jaws and hyopalatine arch (Figs. 5, 6, 8). In the smallest specimen observed, 5.4 mm NL,
three distinct cartilages are present: the palatoquadrate, Meckel’s cartilage, and the
hyosymplectic. Meckel’s cartilage is elongate, with the posterodorsal tip bearing a concave
articulatory surface that receives the ventral point of the palatoquadrate.
The dentary is first observed at 6.8 mm TL as an arrow-shaped laminar bone
positioned in the middle of the lateral surface of Meckel’s cartilage (Fig. 5C). At this first
appearance, it is narrower than and about half the length of Meckel’s cartilage. At 7.1 mm
NL, the dentary projects posteriorly, extending beyond the dorsal and ventral margins of
Meckel’s cartilage. In later sizes the dentary gradually grows longer than Meckel’s cartilage,
reaching its symphysis at 10.9 mm SL (11.7 mm TL). At this size the dentary covers almost
two-thirds of the Meckel’s cartilage and the groove on the ventral margin of the dentary for
the mandibular canal is distinct. At 16.1 mm SL (18.4 mm TL; Fig. 5I), the dorsal edge of
posterior margin of the dentary projects posterodorsally, forming the anterior component of
the coronoid process. At 10.9 mm SL (11.7 mm TL), the mentomeckelian is ossified
endochondrally near the anterior tip of Meckel’s cartilage. The mentomeckelian fuses to the
dentary by 16.1 mm SL (18.4 mm TL). Teeth associated with the dentary first appear in soft
tissue at 11.8 mm SL (13.1 mm TL; Fig. 5H) and become ankylosed to the dentary at 16.1
mm SL (18.4 mm TL).
The angular is first present at 7.1 mm NL as a slender elongated laminar bone
extending along the posterolateral surface of Meckel’s cartilage. The angular grows ventral to
the margin of Meckel’s cartilage by 7.5 mm SL (7.9 mm TL) and beyond its dorsal margin by
8.2 mm SL (8.7 mm TL; Fig. 5F), at which size it forms part of the jaw joint. At 10.9 mm SL
(11.7 mm TL) the angular grows dorsally to form the posterior half of the coronoid process;
this process is fully developed at 16.1 mm SL (18.4 mm TL; Fig. 5I). The earliest trace of the
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articular is a small endochondral ossification that forms at 8.2 mm SL (8.7 mm TL) in the
posterior part of the socket of articulation of the jaw joint. The endochondral ossification of
the articular extends anterior to the socket of articulation of Meckel’s cartilage at 11.7 mm
TL (10.9 mm SL). At 16.2 mm SL (18.4 mm TL), the articular has replaced most of the
posterior region of the Meckel’s cartilage and is indistinguishable from the angular (i.e., they
form the anguloarticular observed in later sizes). The retroarticular is first observed at the
posterior tip of Meckel’s cartilage at 7.9 mm SL (8.4 mm TL). This bone becomes triangular,
acquiring the juvenile outline by 16.2 mm SL (18.4 mm TL).
At 5.4 mm NL, the elongate palatoquadrate cartilage is rectangular with slightly
convex margin; its posteroventral edge articulates with the Meckel’s cartilage. The
anterodorsal portion of the palatoquadrate is a triangular lamina at 6.2 mm NL but by 7.1 mm
NL the palatoquadrate substantially projects anteriorly and the anteriormost point (i.e., the
pars palatini) is slightly expanded. At 7.4 mm NL (Fig. 5D), the pars palatini projects
slightly dorsally, and at 7.5 mm SL (7.9 mm TL), the anterior tip of the pars palatini start
projecting anteriorly; this projection forms a distinct cartilaginous process at 9.7 mm SL
(10.3 mm TL). The quadrate is first present at 9.7 mm SL (10.3 mm TL; Fig. 5G) as an
endochondral ossification of the pars quadrati. Ossification of the quadrate progresses
gradually both dorsally and ventrally, with the articular region being completely replaced by
bone by 11.8 mm SL (13.1 mm TL). The posterior process of the quadrate is first observed at
10.9 mm SL (11.7 mm TL) as an angular projection from the base of the quadrate. This
process is as long as the depth of the quadrate at 11.8 mm SL (13.1 mm TL; Fig. 5H); it is
longer than the quadrate by 16.1 mm SL (18.4 mm SL). The metapterygoid (apparently
perichondral) is first observed along the posterodorsal edge of the palatoquadrate cartilage,
with complete endochondral and perichondral ossifications at 13.1 mm TL (11.8 mm SL). By
16.1 mm SL (18.4 mm TL; Fig. 5I), the entire posterodorsal edge of the palatoquadrate is
replaced by the metapterygoid. At the posterior tip of the metapterygoid there is a
membranous outgrowth (i.e., without apparent cartilaginous precursor) that forms a dorsal
projection with two spikes. The posterior spike widens and contacts the hyomandibula at
24.3 mm SL (25.7 mm TL; Fig. 5J).
The dermopalatine first appears at 10.9 mm SL, (11.7 mm TL) as a small, thin
laminar bone that is positioned slightly posterior to the expanded anterior region of the
palatoquadrate cartilage. The autopalatine appears at 11.8 mm SL (13.1 mm TL; Fig. 5H) in
the expanded region of the anterior part of the palatoquadrate cartilage. At this size, the
dermopalatine extends from the anteroventral portion of the ventral margin of the
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autopalatine to almost the middle of the palatoquadrate cartilage. The dermopalatine also
expands dorsoventrally, acquiring a triangular shape. At 16.1 mm SL (18.4 mm TL; Fig. 5I)
the autopalatine and dermopalatine fuse along the longitudinal axis to form the palatine. The
anterior tip of the palatine projects anteriorly, extending beyond the base of the maxillary
process. The posterior region of the palatine extends beyond the anterior region of the
ectopterygoid, forming an overlapping suture. At this size, teeth on the palatine are first
observed. The autopalatine portion of the palatine is almost entirely ossified, with exception
of the anterodorsal process for articulation with the lateral ethmoid and the maxillary process;
this latter portion remains cartilaginous in adults.
The ectopterygoid is first observed at 9.7 mm SL (10.3 mm TL; Fig. 5G) as a thin
laminar bone ventral to the palatoquadrate cartilage and anterior to the jaw joint. By 10.9 mm
SL (11.7 mm TL), this lamina extends anteriorly to reach the middle of the palatoquadrate
and posteriorly to reach the developing quadrate. The ectopterygoid is expanded
dorsoventrally at 11.8 mm SL (13.1 mm TL) to tightly contact the quadrate. The anterior tip
of the ectopterygoid contacts the dermopalatine by 16.1 mm SL (18.4 mm TL), at which size
the shape of the ectopterygoid is similar to that observed in juveniles.
The endopterygoid first appears as two thread-like bones at 16.1 mm SL (18.4 mm
TL; Fig. 5I) over the dorsal margin of the palatoquadrate cartilage, one at the level of the
quadrate and the other at the level of the posterior tip of the ectopterygoid. There appears to
be connective tissue uniting the two ossifications, so it may be that there is a weakly ossified
portion of a single bone that was decalcified during fixation or preparation; however, this
condition was observed on multiple specimens. At 18.6 mm SL (21.6 mm TL), the two parts
of the ectopterygoid fuse into a single elongated element. At 24.3 mm SL (25.7 mm TL; Fig.
5J), the depth of the endopterygoid is almost two-thirds of the depth of the ectopterygoid,
extending from the middle of the ectopterygoid to the anteroventral edge of the
metapterygoid. The endopterygoid in juveniles display dorsal projections, but the
development of these features occurs in later sizes. Larval specimens up to 24.5 mm SL (28.2
mm TL) lack such endopterygoid projections.
The maxilla appears at 7.1 mm NL as a small, thin laminar bone smaller than the
interhyal. By 7.4 mm NL (Fig. 5D), the length of the maxilla has doubled and by 7.5 mm SL
(7.9 mm TL) the maxilla is expanded dorsoventrally. At 8.2 mm SL (8.7 mm TL; Fig. 5F) the
anterior tip of the maxilla forms a rudimentary articulatory head for contact with the
premaxilla and the vomer. At 9.7 mm SL (10.3 mm TL; Fig. 5G) the anterodorsal tip of the
maxilla is projected anteriorly, and the ventral edge is expanded into a triangular process. The
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body of the maxilla thickens, especially anteriorly. By 11.8 mm SL (13.1 mm TL; Fig. 5H)
the anterodorsal projection of the maxilla is a distinct anterolaterally directed process,
although it is shorter than the more ventral process. At this size the posterior portion of the
maxilla expands dorsoventrally, forming a wide and flattened lamina that receives the
external face of the coronomaxillary ligament. At 16.1 mm SL (18.4 mm TL; Fig. 5I) the
posterior region of the maxilla is almost twice as deep as the anterior part, similar to the adult
condition. The premaxilla first appears at 7.9 mm SL (8.3 mm TL; Fig. 5E) as a small yet
elongate bone (less than one third the length of the maxilla), with a slightly enlarged anterior
tip. It is transversely oriented anterior to the maxilla. At 8.4 mm TL (Fig. 6A), there is a
slight dorsal projection at its and anterior tip, and at 8.2 mm SL (8.7 mm TL; Figs. 5F, 6B)
this projection becomes a thin ascending process of the premaxilla; the ascending process is
approximately one-third the length of the premaxilla. The posterior tip of the premaxilla is
continuous with a membranous thread that extends laterally to the level of the mid-portion of
the maxilla. At 9.7 mm SL (10.3 mm TL), the membranous part of the premaxilla ossifies
into an elongate, rod-like bone. The anterior part of the premaxilla ventral to the ascending
process is triangular and relatively thick, as tall as the ascending process. The ascending
process grows substantially by 10.9 mm SL (11.7 mm TL) and is as wide as the anterior tip
and approximately half the length of the main portion of the premaxilla. At 11.8 mm SL (13.1
mm TL; Figs. 5H, 6D), the articular process of the premaxilla is present, positioned posterior
to the ascending process on the dorsal margin of anterior region of the premaxilla. The
articular process of premaxilla at 16.1 mm SL (18.4 mm TL; Fig. 6E), acquires a triangular
shape and articulates with the anterior tip of the maxilla, as observed in adults. The
posterodorsal tip of the premaxilla develops a semi-elliptical laminar projection at 16.1 mm
SL (18.4 mm TL). This projection is more than two times as deep as anterior region of the
premaxilla by 18.6 mm SL (21.6 mm TL). The rostral cartilage is first observed at 10.9 mm
SL (11.7 mm TL), and is approximately one-half the length of the ascending process. At 16.1
mm SL (18.4 mm TL; Fig. 6E), the rostral cartilage is as long as the ascending process of the
premaxilla, as seen in adults.
The hyosympletic cartilage is present and already has a distinct foramen for passage
of the hyomandibular branch of the fascialis nerve in the smallest specimen observed (5.4
mm TL). The pars hyomandibularis is rectangular a posterior process articulating with the
opercle. The pars symplectica tapers anteroventrally, extending close to the jaw joint. The
pars hyomandibularis begins to ossify (both perichondrally and endochondrally) around the
foramen for the hyomandibular branch at 7.9 mm SL (8.4 mm TL). The ossification develops
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gradually both dorsally and ventrally, with the pars hyomandibularis almost entirely ossified
at 11.8 mm SL (13.1 mm TL; Fig. 5H); the anterior and posterior dorsal heads of articulation
and the posterior process articulating with the opercle remain cartilaginous throughout
ontogeny. By 16.1 mm SL (18.4 mm TL; Fig. 5I) the anterior, posterior, and dorsal margins
of the hyomandibula develop membranous flanges. Ossification of the pars symplectica is
first observed at 9.7 mm SL (10.3 mm TL; Fig. 5G), with both endochondral and
perichondral bone present at the midpoint of the pars symplectica. Ossification proceeds both
dorsal and ventrally, with the symplectic ossified almost entirely (with exception of its
extremities) by 16.1 mm SL (18.4 mm TL).
Infraorbital bones (Figs. 5, 8). The only infraorbital bone present in Porichthys notatus is the
antorbital (=lachrymal of Greenfield et al., 2008). The antorbital is first present at 7.9 mm SL
(8.3 mm TL; Fig. 5E) as a small (less than one-half the depth of the pars autopalatina),
elliptical bone that is dorsolateral to the anterior tip of the palatoquadrate cartilage. At a
slightly larger size, 7.9 mm SL (8.4 mm TL), the antorbital is longer than the greatest depth
of the pars autopalatina and at 8.2 mm SL (8.7 mm TL; Fig. 5F) the anterior tip of the
antorbital develops a socket for articulation with the lamina orbitonasalis (and in later stages,
with the lateral ethmoid bone). The posterior region of the antorbital widens at 9.7 mm SL
(10.3 mm TL; Fig. 5G), representing the early stages of the groove for the infraorbital canal.
At 11.8 mm SL (13.1 mm TL; Fig. 5H), the antorbital projects posteroventrally beyond the
dorsal margin of the maxilla at 16.1 mm SL (18.4 mm TL; Fig. 5I), as observed in adults.
Opercular series (Fig. 5, 8). The opercle first appears at 6.0 mm NL as an inverted L-shaped
bone with a small socket at its anterodorsal corner to meet the opercular process of the
hyosymplectic cartilage (Fig. 5A). At 6.2 mm NL, a concave flange is present between the
base of the posterior and vertical limbs of the opercle (Fig. 5B). This outline persists through
development, although the limbs of the opercle becoming gradually more robust. By 16.1
mm SL (18.4 mm TL; Fig. 5I), the posterior limb is thickened and forms the spine that is
observed in juveniles and adults.
The subopercle is the second bone of the opercular series to appear (at 6.2 mm NL;
Fig. 5B) as a thin, concave bone. It is narrow and as long as the opercle, but begins to expand
anteriorly at 6.8 mm NL (Fig. 5C). At 7.1 mm NL it acquires a comma shape, with its
anterior edge as wide as the opercle and its posterior region tapered. At 7.5 mm SL (7.9 mm
TL), the anterior edge of the subopercle forms a distinct angular projection that articulates
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with the ventral limb of the opercle. At 8.2 mm SL (8.7 mm TL; Fig. 5F), the subopercle is
larger than the opercle and its posterior tip extends beyond the posterior margin of the
opercle. The posterior edge of the subopercle branches into a dorsal filament at 11.8 mm SL
(13.1 mm TL; Fig. 5H). The indentation between the dorsal filament and the posterior edge
of the subopercle gradually increases at larger sizes, reaching the anterior region of the
subopercle in juveniles.
The interopercle appears at 6.8 mm NL as a short thin bone (approximately one-third
of subopercular length) that is positioned lateral to the ventral tip of the interhyal (Fig. 5C).
At 7.1 mm NL, the interopercle expands dorsoventrally and is approximately one-third of the
length of the interhyal. It continues to elongate, and at 7.5 mm SL (7.9 mm TL) it is more
than one-half the length of the subopercle. After this size, most of the growth of the
interopercle occurs in the dorsoventral direction, and by 11.8 mm SL (13.1 mm TL; Fig. 5H)
the interopercle is as long as the interhyal and has the trapezoidal shape that is seen in adults.
The preopercle is the last bone of the opercular series to develop and is not clearly
present until 7.5 mm SL (7.9 mm TL). It first ossifies as a thin bone positioned posterior and
parallel to the posterior margin of the hyosymplectic cartilage. The preopercle expands
laterally at 7.9 mm SL (8.3 mm TL; Fig. 5E), with a distinct foramen close to its dorsal edge
for innervation of neuromasts of the preoperculomandibular lateral-line sensory canal; at 8.2
mm SL (8.7 mm TL; Fig. 5F), a second more ventral foramen is present. By 11.8 mm SL
(13.1 mm TL; Fig. 5H), the preopercle is much larger than smaller specimens, extending
from the level of the foramen for the hyomandibular branch of the fascialis nerve at the
hyomandibula to the ventral margin of the symplectic. The anterior margin of the preopercle
projects laterally forming the groove that houses the sensory canal. At 16.1 mm SL (18.4 mm
TL; Fig. 5I) this groove becomes deeper and is similar to the condition of juveniles and
adults.
Ventral hyoid arch (Fig. 7, 8). The interhyal, ceratohyal, and hypohyal cartilages, and the
posteriormost branchiostegal are present in the smallest specimen observed (5.4 mm NL).
The interhyal is short and rod-like throughout its development, contacting the hyosymplectic
cartilage dorsally and the posterior corner of the ceratohyal cartilage ventrally. The interhyal
first ossifies at 10.9 mm SL (11.7 mm TL) and becomes fully ossified (except the dorsal and
ventral tips) at 11.8 mm SL (13.1 mm TL). The ceratohyal cartilage is rectangular anteriorly,
but its posterior half is broad and trapezoidal in shape and tapers to a point. Ossification of
the anterior ceratohyal is first seen at 7.5 mm SL (7.9 mm TL) near the midpoint of the
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ceratohyal cartilage. The ossification continues gradually in both anterior and posterior
directions. At 7.9 mm SL (8.4 mm TL), a rounded bulge develops anteriorly on its dorsal
margin; this will become the point of contact with the dorsal hypohyal. At 9.7 mm SL (10.3
mm TL; Fig. 7C), about half of the ceratohyal cartilage is ossified anteriorly and the first
traces of bone of the posterior ceratohyal appear, slightly anterior to the articulation with the
interhyal. At 10.9 mm SL (11.7 mm TL), the posterior ceratohyal reaches the origin of the
posteriormost branchiostegal. The anterior ceratohyal is almost entirely ossified at 16.1 mm
SL (18.4 mm TL; Fig. 7E), with exception of its anterior tip and where it contacts the
posterior ceratohyal. There are thin projections of bone that make initial contact between the
anterior and posterior ceratohyals at this size; this interdigitation becomes more extensive in
juveniles. The groove for articulation with the second branchiostegal is fully formed at this
size.
Each branchiostegal ossifies in a proximal-to-distal direction, but as a series they
develop in a posterior to anterior direction. The two most posterior branchiostegals are
present at 6.0 mm NL, and by 6.4 mm NL the two central branchiostegals appear (Fig. 7A).
At 7.1 mm NL, the second branchiostegal is present and traces of the anteriormost
branchiostegal are visible. The second branchiostegal develops a distinct head of articulation
at 7.9 mm SL (8.4 mm TL), contacting the medial surface of the ceratohyal cartilage. As
noted above, this region of the anterior ceratohyal will form a groove that serves as a point of
articulation for the second branchiostegal. At 7.4 mm NL, the anteriormost branchiostegal
contacts the ventral margin of the ceratohyal cartilage, and its proximal head is formed at 7.9
mm SL (8.4 mm TL).
The hypohyal cartilage is trapezoidal in shape and approximately one-fourth the
length of the caratohyal cartilage. The foramen for the hyoid artery is present at 6.0 mm NL
and at 7.4 mm NL the posterodorsal edge of the hypohyal cartilage projects posteriorly over
the ceratohyal cartilage. At 8.2 mm SL (8.7 mm TL; Fig. 7B), the posterodorsal projection of
the hypohyal extends to the anterior third of the ceratohyal cartilage. At this size,
perichondrondral bone of the ventral hypohyal is present along the ventral margin of the
hypohyal cartilage, forming a thin bony ridge that is loosely associated with the underlying
cartilage. This ridge gradually develops into a triangular, posteroventrally directed process
that extends past the tip of the anterior ceratohyal. Chondral ossification of the ventral
hypohyal is first observed in the region of contact between the posteroventral process and the
hypohyal cartilage at 9.7 mm SL (10.3 mm TL). The ventral hypohyal gradually ossifies
dorsally, reaching the middle of the hypohyal cartilage by 16.1 mm SL (18.4 mm TL; Fig.
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7E). The earliest sizes of the ossification of the dorsal hypohyal are seen in much larger
individuals than the ventral hypohyal (11.8 mm SL; 13.1 mm TL). The ossification of the
dorsal hypohyal first occurs dorsal to the foramen for the hyoid artery, and by 16.2 mm SL
(18.4 mm TL) the dorsal hypohyal has fully replaced the cartilage dorsal to the foramen for
the hyoid artery. At 24.3 mm SL (25.7 mm TL; Fig. 7F), the dorsal hypohyal bone extends
from the anterodorsal edge to the distal third of the hypohyal cartilage. Ossification of the
dorsal hypohyal then proceeds ventrally from region around the foramen for the hyoid artery
and in juveniles it almost contacts the ventral hypohyal.
The basihyal cartilage is first seen at 7.4 mm NL as a loosely consolidated group of
chondrocytes before attaining a rod-like shape at 7.5 mm SL (7.9 mm TL). The basihyal
remains entirely cartilaginous until at least 16.1 mm SL (18.4 mm TL). Ossification is not
seen in the specimens examined here until 18.6 mm SL (21.6 mm TL), although at this size
the basihyal is nearly fully ossified. The urohyal first appears at 10.9 mm SL (11.7 mm TL)
as a small, pyramid-shaped bone with its base directed anteriorly and in close contact with
the ventral surface of the copula communis cartilage. The urohyal expands laterally and
resembles two half-moons fused medially at 11.8 mm SL (13.1 mm TL). By 16.1 mm SL
(18.4 mm TL) the medial portion of the urohyal thickens and projects ventrally, forming a Tshaped bone that is similar in form to that of juveniles and adults.
Gill arches (Figs. 9, 10). In the smallest specimen observed (6.0 mm NL), the four anterior
ceratobranchial cartilages are present (Fig. 9A). The three anterior ones are elongate and
similar in size; ceratobranchial 4 is approximately one-half the length of ceratobranchial 3; by
6.2 mm NL it is approximately three-fourths the length of ceratobranchial 3 and by 7.9 mm
SL (8.4 mm TL) it is similar in length to the other ceratobranchials, as seen in adults. The
fifth ceratobranchial cartilage first appears at 6.4 mm NL as a small circular cartilage that
grows to approximately one-fourth the length of ceratobranchial 4 by 7.1 mm NL and about
half its length at 7.5 mm SL (7.9 mm TL; Fig. 9C); this is the relative size difference of
ceratobranchials 4 and 5 in juveniles and adults. At this size, the proximal tip of
ceratobranchial 5 is slightly expanded, but by 16.1 mm SL (18.4 mm TL; Fig. 9G) it is almost
three times wider than the posterior tip (similar to the condition in adults). The first
ossification of the ceratobranchials is observed at 9.7 mm SL (10.3 mm TL) when initial
stages of perichondral ossification are present in the middle of each cartilage. At 10.9 mm SL
(11.7 mm TL; Fig. 9E), approximately half of the length of ceratobranchial cartilages are
replaced by bone, and, by 11.8 mm SL (13.1 mm TL; Fig. 9F), ceratobranchials are almost
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entirely ossified. A pair of small pharyngeal teeth is present at 8.2 mm SL (8.7 mm TL) and
positioned on in the dorsal surface of the fifth ceratobranchial cartilage. The fifth
ceratobranchial tooth patch is first formed by 11.7 mm TL (10.9 mm SL; Fig. 9E) as a small
medial expansion from the medial margins of ceratobranchial 5. At this size, another pair of
pharyngeal teeth is present. The tooth patch broadens to become as wide as the posterior part
of the fifth ceratobranchial by 11.8 mm SL (13.1 mm TL; Fig. 9F); it becomes about two
times as wide as the more posterior portion of the main portion bone by 16.1 mm SL (18.4
mm TL; Fig. 9G). Additional teeth populate the tooth patch during this size, until it supports
nine small conical teeth sparsely distributed. Gill rakers are first observed at 16.1 mm SL
(18.4 mm TL) as small pyramidal structures on the posterior region of the trailing edges of
the first three ceratobranchials; by 18.6 mm SL (21.6 mm TL; Fig. 9H), there are gill rakers
on the trailing edge of ceratobranchials 1 to 4. Although more distinctly formed, their shape
remains pyramidal and unicuspid, lacking the multiple cusps that are observed on the gill
rakers of juveniles and adults.
Hypobranchial cartilages 1 and 2 are already present at 6.0 mm NL (Fig. 9A), and
until 6.4 mm NL, they are concave. From 6.8 mm NL to 9.7 mm SL (10.3 mm TL), these
cartilages are straight, and from 10.9 mm SL (11.7 mm TL; Fig. 9E), they are slightly
convex, as seen in adults. The earliest perichondral ossification of hypobranchials 1 and 2 is
seen at 10.9 mm SL (11.7 mm TL). By 11.8 mm SL (13.1 mm TL; Fig. 9F), about half of the
cartilage components of hypobranchials 1 and 2 are replaced by bone (both peri- and
endochondrally), and by 18.4 mm TL (16.2 mm SL; Fig. 9G), these elements are almost
entirely ossified. An anteroventrally directed process on the anterior margin of hypobranchial
two starts developing at this size. Hypobranchials 3 and 4 first appear at 6.8 mm NL as two
pairs of circular cartilages (Fig. 9B). Hypobranchial 3 acquires a semi-circular shape by 7.4
mm NL and by 9.7 mm SL (10.3 mm TL) it develops an anteroventrally directed process.
Ossification of hypobranchial 3 is first observed at 21.6 mm TL (18.6 mm SL; Fig. 9H), and
proceeds in an anterior-to-posterior direction. At this size, only the anterior half of
hypobranchial 3 is replaced by cartilage. At 7.4 mm TL, the left and right hypobranchial 4
cartilages show the first signs of fusing (Figs. 9C, D). This median cartilage is heart-shaped
from 7.4 mm TL to 8.7 mm TL, before becoming V-shaped at larger sizes. The median
hypobranchial 4 remains cartilaginous in juveniles and adults.
The copula communis is a rod-like cartilage that extends from the hypohyals to the
level of the third ceratobranchials from the smallest size observed (6 mm NL) to 16.2 mm SL
(18.4 mm TL; Fig. 9G). Two ossifications of the copula communis are found in juveniles and
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adults, and represent basibranchials 1 and 3. The earliest trace of perichondral ossification of
basibranchial 3 appears at 16.1 mm SL (18.4 mm TL), and by 18.6 mm SL (21.6 mm TL;
Fig. 9H) bone has replaced most of the posterior region of the copula communis cartilage, as
found in juveniles. An ossified basibranchial 1 was not found in the developmental series, but
in juveniles (VIMS 38018, 84.5 mm SL), it is formed by a small circular bone close to the
anterior tip of the copula communis.
Epibranchials 1-4 and pharyngobranchials 2-3 are first observed at 7.1 mm NL as
rectangular cartilages. At 7.5 mm SL (7.9 mm TL; Fig. 9C), the anteromedial edge of
epibranchial 1 is projected medially, and extends ventromedially to contact
pharyngobranchial 1, which was first observed in this series at 10.9 mm SL (11.7 mm TL;
Fig. 9E). The anteromedial edge of epibranchial 1 cartilage projects dorsally as an uncinate
process that contacts pharyngobranchial 2 at 10.9 mm SL (11.7 mm TL). Epibranchials 2-4
have a rectangular shape during the entire development. At 9.0 mm SL (9.8 mm TL; Fig.
9D), the dorsal margin of the cartilages of epibranchials 3 and 4 start to develop a
cartilaginous uncinate process. Ossification of all epibranchial cartilages is first observed in
the 10.9 mm SL (11.7 mm TL; Fig. 9E) specimen. In this specimen, ossification appeared to
already comprise endochondral bone in the middle portion of the epibranchial cartilages. A
second site of endochondral ossification is present in the uncinate process of epibranchial 1.
At 11.8 mm SL (13.1 mm TL; Fig. 9F), more than two-thirds of the epibranchial cartilages
are replaced by bone. At the middle of the ossified part of the dorsal margin of epibranchials
1 and 2, a triangular bony process develops, forming a secondary uncinate process on these
epibranchials.
At 7.4 mm NL, pharyngobranchial 1 appears as a small circular cartilage. This
gradually extends into a cylinder that ossifies at a relatively large size (18.6 mm SL; 21.6 mm
TL; Fig. 9H). When it first appears at 7.1 mm NL, pharyngobranchial 2 is comma-shaped,
though it gradually acquires a trapezoidal shape during ontogeny. Pharyngobranchial 2 first
contacts pharyngobranchial 3 at 9.7 mm SL (10.3 mm TL). Pharyngobranchial 3 is expanded
posteriorly to the level of epibranchial 4 by 7.4 mm NL. At 7.5 mm SL (7.9 mm TL; Fig. 9C)
it acquires a trapezoidal shape before attaining its triangular shape by 8.2 mm SL (8.7 mm
TL). The earliest stages of ossification of pharyngobranchial 2 and 3 (probably perichondral)
are first observed at 10.9 mm SL (11.7 mm TL; Fig. 9E), with endochondral ossification
clearly occurring at 11.8 mm SL (13.1 mm TL). By 16.1 mm SL (18.4 mm TL; Fig. 9G) both
pharyngobranchial 2 and 3 are almost entirely ossified.
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The upper pharyngeal toothplates first appear on the third pharyngobranchial at 11.8
mm SL (13.1 mm TL), although a pair of small pharyngeal teeth was seen to be associated
with pharyngobranchial 3 at 8.2 mm SL (8.7 mm TL). At 16.1 mm SL (18.4 mm TL), the
pharyngeal toothplate three already covers most of the underlying element. The pharyngeal
toothplate 2 is first observed at 18.6 mm SL (21.6 mm TL) and is restricted to the
posterolateral edge of the second pharyngobranchial. Although the teeth that will attach to
this plate are already present they have not ankylosed to the toothplate. Also at this size, the
earliest stages of the upper toothplate of the epibranchial 3 are observed.
Vertebral column and intermuscular bones (Figs. 11, 12, 18). In Porichthys notatus most
neural and haemal arches and spines are membranous ossifications (as described for
Indostomus parodoxus and some gobies; Britz & Johnson, 2002; Schultze & Arratia, 2013).
Only the neural and haemal elements of the third and second preural centra and the
basiventrals of vertebrae 2-5 are preformed in cartilage. Dorsal arcocentra of vertebrae 1-3
are present at 6.0 mm NL and are thin and elongate bones that surround the dorsolateral
region of the spinal cord (Fig. 12A). By 6.2 mm NL, dorsal arcocentra of vertebrae 1-14 are
present (Fig. 12B). At this size, dorsal arcocentra 1 and 2 extend to the level of the dorsal tip
of the cleithrum. Dorsal arcocentral 3-6 are elongate but smaller than the more anterior dorsal
arcocentral: about half (dorsal arcocentra 3, 4) to one-fourth (dorsal arcocentra 5, 6) the
length of basidorsal 1. The more posterior dorsal arcocentra are small and circular. At 6.4
mm NL, 28 dorsal arcocentra are present. At this size ventral basiventrals (arcocentra) are
first observed as rod-like bones associated with vertebra 12 to 23. The earliest traces of
ossification surrounding the notochord (i.e., centra) 1-10 are observed at 7.1 mm NL as
lateral expansions from the dorsal arcocentra. At this size dorsal arcocentra 1 and 2 start
expanding ventrally. By 7.5 mm SL (7.9 mm TL), 39 dorsal and 34 ventral (v6-39)
arcocentra are present. The dorsal arcocentra of vertebrae 1-3 are expanded ventrally to
almost completely encircle the notochord. The smallest specimen with fully formed centra is
7.9 mm SL (8.4 mm TL), but a slightly larger specimen (8.2 mm SL, 8.7 mm TL; VIMS
40278) is particularly informative. In this specimen, the centrum of the first vertebra is
entirely ossified perichordally. Vertebrae 2-5 have their dorsal arcocentra expanded to the
ventral surface of the notochord, contacting their associated cartilaginous basiventral (in
contrast to membranous ventral arcocentra observed in posterior vertebrae; Fig. 12D).
Vertebrae six and seven have their centrum perichordally ossified, whereas vertebrae 8-10
have both expanded dorsal and ventral arcocentra, but these do not yet contact one another.
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All vertebrae posterior to v10 have dorsal and ventral arconcentra in the early stages of
formation. Specimen VIMS 40275 (7.9 mm SL, 8.4 mm TL) already has full ossified centra
from the vertebrae 1-31. Dorsal arcocentra of vertebrae 1-11 are expanded and triangular, but
not enclosing into a neural arch. The smallest specimen to have all vertebrae with centra
ossified is 10.9 mm SL (11.7 mm TL; Fig. 11C).
At 9.7 mm SL (10.3 mm TL), the tips of all dorsal and ventral arcocentra are extended
beyond the spinal cord and blood vessels, respectively, but none have contacted their
antimere to form neural and haemal arches. From vertebra 1 to 18, the early stages of dorsal
pre-zygapophyses are evident. The haemal arches of vertebrae 12 and 13 (first two caudal
vertebrae) are the first arches formed (at 11.7 mm TL; 10.9 mm SL). At 13.1 mm TL (11.8
mm SL) haemal arches with haemal spines are present from vertebrae 17-32. At this size,
dorsal arcocentra of vertebra 3-9 enclose into neural arches. All vertebrae except the first
have complete neural and haemal arches and spines by 17.4 mm TL (15.4 mm SL). At this
size, antimeres of dorsal arcocentra of vertebra 1 fuse to a neural arch. The neural arch of v1
is robust, triangular, and expanded dorsally, but the neural spine is not observed until 21.6
mm TL (18.6 mm SL). The neural spine of the first vertebra is rectangular with an undulated
dorsal margin. At this size, all other posterior vertebrae have neural arches and spines with
the adult outline: from vertebrae 2-7, the neural arches project anteriorly and bear acute
dorsal pre-zygapophyses that extend close to the middle of the preceding vertebra. Posterior
to vertebra 7, the neural arches are trapezoidal with short pre-zygapophyses and elongated
neural spines. The haemal arches are simple (i.e., without zygapophyses), and have simple
elongate haemal spines.
The first bone of the intermuscular series to appear is the first epineural bone (at 7.9
mm SL; 8.4 mm TL). It is a slender rod-like bone that projects posterolaterally from its origin
at the level of the neural arch. The origin of epineural 1 first contacts neural arch 1 at 11.8
mm SL (13.1 mm TL). At this size, epineural 1 has doubled its length and become thicker
relative to that observed at 7.9 mm SL (8.4 mm TL). By 13.1 mm SL (14.6 mm TL), the
origin of the first epineural bone develops an articulatory head where it contacts the first
neural arch. In frontal view, epineural 1 is bent ventrally, and its distal tip is dorsoventrally
flattened where it contacts the cleithrum. This is the smallest specimen in which other
abdominal epineural bones were also observed. The slender epineurals 4-9 are present in the
horizontal septum of the abdominal region and are approximately half the length of epineural
1. At 16.1 mm SL (18.4 mm TL), epineurals 10 and 11 develop. Between 18.6 mm TL (21.6
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mm TL) and 24.3 mm SL (25.7 mm TL), epineurals 12 to 15 appear, with more posterior
caudal epineurals (16 to 24) developing at later juvenile sizes.
Caudal fin and skeleton (Fig. 13, 19). Development of the skeleton of the caudal fin and
skeleton of Porichthys notatus is described and discussed in Vaz & Hilton (2020); an
overview is provided here, but the reader is directed to Vaz & Hilton (2020) for details on the
ontogeny of this complex. The first elements of the caudal skeleton to form are the cartilages
of the dorsal and ventral hypurals, which appear at 6.4 mm NL, and begin to ossify at 10.0
mm SL (10.6 mm TL); they are fully ossified at 18.6 mm SL (21.6 mm TL). Ventral and
dorsal hypurals fused to their associated ural centra (first and second ural centra,
respectively) are first observed by 14.3 mm SL (15.4 mm SL). The parhypural and ventral
hypural develop from a single group of cartilage cells. The arch of the parhypural first
develops between 6.4-6.8 mm NL, but it is not until 7.3-8.4 mm TL that the spine of the
parhypural becomes distinct. The parhypural begins to ossify by 11.9 mm SL (12.9 mm TL).
The ossifications of the parhypural and ventral hypural fuse by 13.1 mm TL. Two epurals are
present in Porichthys notatus, the posterior of which forms by 7.9 mm SL (8.4 mm TL) and
the anterior one at 8.2 mm SL (8.7 mm TL). These are the last elements of the caudal
skeleton to ossify (14.3 mm SL; 15.8 mm TL) and are completely ossified by 18.6 mm SL
(21.6 mm TL).
The first and second ural autocentra first ossify at 9.7 mm SL (10.2 mm TL), and are
complete by 12.9 mm TL. The ventral arcocentrum of preural 2 is present at between 7.3-7.8
mm NL, with the dorsal arcocentrum and neural spine following at 8.2 mm SL (8.7 mm TL).
By 9.7 mm SL (10.3 mm TL) the dorsal and ventral arcocentra of preural 2 start to ossify,
although the associated spines remain cartilaginous. The preural centrum 2 is fully ossified
by 11.5 mm SL (12.5 mm TL), although the associated neural and haemal spines are not
ossified until 14.3 mm SL (15.8 mm TL). The first fin rays to ossify are the innermost pair of
the principal series that delimit the diastema at 7.4 mm TL. Ossification of fin rays runs from
the diastema to both dorsal and ventral margins. The principal series (I, 6, 6, I) are complete
at 10.0 mm SL (10.8 mm TL). At this size, both ventral procurrent fin rays and the second
dorsal procurrent ray are present. The first dorsal procurrent fin ray is absorbed at 11.5 mm
SL (12.5 mm TL), reaching the full fin ray complement at this size.
Dorsal and anal fins and supports (Figs. 14, 15, 19). Proximal-middle radial cartilages are
first seen at 6.2 mm NL. This specimen has nine distinct anterior proximal-middle cartilages
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in the anal fin, whereas the radial cartilages of the dorsal fin are indistinct at this size. At 6.4
mm NL proximal-middle radial cartilages are present in both the dorsal and anal fins (15
dorsal, 16 anal). The posteriormost proximal-middle radial cartilages develop by 11.8 mm SL
(13.1 mm TL; Fig. 14A), at which size 39 cartilages are present in the dorsal fin (with the
three anterior proximal-middle radials supporting spines) and 32 in the anal fin (supporting
only soft fin rays).
Ossification of the proximal element in of the proximal-middle radial cartilages is
first observed at 11.8 mm SL (13.1 mm TL) in the first seven anterior pterygiophores of the
anal fin. Ossification of the proximal radial develops mostly in a proximal to distal direction.
By 14.3 mm SL (15.8 mm TL; Fig. 14B), ossification of the proximal radial is observed in
the 24 anterior proximal-middle radial cartilages (with exception of the anteriormost, which
remains cartilaginous). At this size, the earliest ossification of the middle radial (apparently
perichondral) is observed on pterygiophores 11 to 17. By 16.1 mm SL (18.4 mm TL; Fig.
14C), all but the two most posterior proximal radials are ossified; all proximal radials are
ossified by 18.6 mm SL (21.6 mm TL; Fig. 14D). All but the four most anterior and two most
posterior middle anal fin radials are ossified at 16.1 mm SL (18.4 mm TL). At 18.6 mm SL
(21.6 mm TL), the four most anterior middle radials remain cartilaginous.
Ossification (apparently perichondral) of the proximal part of the proximal-middle
cartilages of both spinous and soft rays of the dorsal fin is first seen at 13.1 mm SL (14.6 mm
TL) in proximal-middle cartilages of the third dorsal spine to the tenth soft fin ray
pterygiophores. At 16.1 mm SL (18.4 mm TL; Fig. 14C), almost all proximal radials have
start ossifying, with exception of the two most anterior (supporting the first and second dorsal
spines) and the four most posterior proximal-middle cartilages. Perichondral ossification in
the middle radials 11-28 is observed at this size. By 18.6 mm SL (21.6 mm TL; Fig. 14D), all
proximal radials are ossified (including those supporting the first and second dorsal spines),
but ossification of middle radials are not observed yet in the four most anterior soft-fin ray
pterygiophores and in the two most posterior.
Distal radial cartilages of both the anal and dorsal fins are first observed by 9.7 mm
SL (10.3 mm TL); these are present only in the abdominal and anterior portion of the caudal
regions. At 11.8 mm SL (13.1 mm TL) the distal radial cartilages are present at the base of all
soft fin spines. The first soft fin rays to develop are the five anterior rays of the anal fin,
which are present at 7.9 mm SL (8.3 mm TL). At this size, the hemitrichia are small (less
than a third of the length of the associated proximal-middle radial cartilages). All more
posterior anal-fin rays are present by 11.8 mm SL (13.1 mm TL; 14A), although the
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hemitrichia are unsegmented and unbranched and still have actinotrichia exposed at the tip of
the most posterior fin rays; the length of these fin rays is similar to that of the proximalmiddle radial cartilages. The smallest specimen with soft dorsal-fin rays is 7.9 mm SL (8.4
mm TL). At this size, the hemitrichia are small (length less than one-third that of proximalmiddle cartilages) and are associated with proximal-middle cartilages five to fourteen. Soft
rays and spines of the dorsal fin develop in both anterior and posterior directions. The
posteriormost soft dorsal fin ray develops at 13.7 mm SL (15.1 mm TL). At this size, most
dorsal hemitrichia are still unsegmented and unbranched, but are as long or longer than the
proximal-middle radial cartilages.
Three dorsal-fin spines are present in the earliest sizes of development of Porichthys
notatus studied (Fig. 15). The third dorsal-fin spine to is the first to develop (at 9 mm SL; 9.8
mm TL), with the second appearing at 9.7 mm SL (10.3 mm TL), and the first at 10.9 mm SL
(11.68 mm TL). At 11.8 mm SL (13.1 mm TL), the left and right halves of the first and
second dorsal spines are not fused early in their development, but all spines are fully fused at
13.1 mm SL (14.6 mm TL). By 16.1 mm SL (18.4 mm TL) it is apparent that the growth of
the third dorsal-fin spine is interrupted, in that it is only about half of the size of dorsal spines
one and two and is not protruding externally; the more anterior spines are visible externally.
Although the third dorsal-fin spine does not continue to develop, its associated proximalmiddle cartilage is almost entirely ossified by 16.1 mm SL (18.4 mm TL), whereas the more
anterior ones are cartilaginous at that size. By 18.6 mm SL (21.6 mm TL), all proximalmiddle radial cartilages that support the spines are ossified. The first and second proximalmiddle radials that support the spinous fin rays are robust elements and the proximal and
middle radials are fully fused (i.e., they are proximal-middle radials); the proximal and
middle radials remain autogenous in the pterygiophores supporting the soft fin rays. The third
proximal-middle radial is also a single elongate bone, although it lacks the cartilaginous tips
found in the more anterior proximal-middle radials. At 28.2 mm TL (24.5 mm SL; 14-days
free swimming), this proximal-middle radial is still distinct but the third dorsal-fin spine is
smaller than a distal radial cartilage. In large juveniles (84.8 mm SL; Fig. 15D), the third
proximal-middle radial is no longer than the base of the second dorsal-fin spine.
Pectoral girdle (Figs. 16, 18). At the smallest size examined (5.4 mm NL) the cleithrum is
present as a slender rod of bone, extending from the base of the occipital region of the
neurocranium to the ventral margin of the abdominal cavity. At 7.1 mm NL, the cleithrum is
slightly expanded laterally, and by 7.9 mm SL (8.3 mm TL) its ventral tip is projected
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anteriorly. By 16.1 mm SL (18.4 mm TL), the cleithrum attains its adult form. The
posterodorsal process of the cleithrum first appears at 7.5 mm SL (7.9 mm TL; Fig. 16C) as a
slender process. It gradually widens until achieving a trapezoidal shape at 18.4 mm TL (16.1
mm SL), which is similar to its form in adults. The supracleithrum first appears at 6.2 mm
NL as a slender bone that is less than one-fourth the width of the cleithrum (Fig. 15A). It
projects dorsally at 7.1 mm NL, forming a rounded process that articulates with the
posttemporal by 8.2 mm SL (8.7 mm TL). Between 11.8 mm SL (13.1 mm TL) and 16.1 mm
SL (18.4 mm TL), the posterior region of the supracleithrum becomes thicker and assumes its
adult shape. The postcleithrum is a slender rod-like bone that first appears at 6.2 mm NL
(Fig. 16A); it does not reach adult proportions until larvae become free swimming (24.3 mm
SL; 25.7 mm TL). The posttemporal bone is first present at 7.5 mm SL (7.9 mm TL; Fig.
16C) as small, slender bone that approaches (but is not in contact with) the posterodorsal
region of the auditory capsule of the neurocranium. By 9 mm SL (9.8 mm TL), the posterior
portion of the posttemporal is thick and cylindrical in shape, foreshaddowing the articulatory
condyle for its contact with the supracleithum. The posterior process of the posttemporal is
first observed at 13.1 mm SL (14.6 mm TL). Despite its close association with the otic
region, the dorsal limb of posttemporal becomes ankylosed with the epioccipital only in
larger sizes, this fusion being first observed in this series at 24.3 mm SL (25.7 mm TL). At
this size, the posterior process of the posttemporal projects anterolaterally and is in loose
contact with the pterotic, as seen in juveniles and adults. The ventral limb of the posttemporal
is reduced to a small knob in large juveniles and adults.
At its first appearance (6.0 mm NL), the scapulocoracoid cartilage is rectangular and
the scapular fenestra is present. At 6.2 mm NL (Fig. 16A), the coracoid process is
distinguishable, and projects anteroventrally from the main body of the scapulocoracoid
cartilage. The anteroventral portion of the scapulocoracoid cartilage attaches to the cleithrum
at 7.1 mm NL (Fig. 16B). The first indication of ossification of the coracoid is at 13.1 mm SL
(14.6 mm TL), with the scapula first clearly present at 16.1 mm SL (18.4 mm TL); these
bones acquire their adult outlines by 18.6 mm SL (21.6 mm TL; Fig. 16F). The scapula is
rectangular and is pierced by the scapular fenestra. The coracoid has a trapezoidal outline and
its ventral margin bears an anteroventrally directed process. Ossification of this process is
incomplete even in adults; the tip of the coracoid process also remains cartilaginous.
At 6.0 mm NL, two cartilaginous elements inside the pectoral fin bud articulate with
the scapulocoracoid cartilage: a large pectoral radial plate, which is as long as the
scapulocoracoid cartilage, and a smaller cartilaginous propterygium (Fig. 16A). The pectoral
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radial plate is partially divided into four elements (i.e., the four ventral pectoral radials).
Between 6.4 and 7.1 mm NL, a group of chondrocytes from the pectoral radial plate project
dorsally towards the propterygium (Fig. 16B), and by 7.4 mm NL they fuse to the
propterygium. The resulting large pad-like shaped cartilage, termed here the compound
propterygium, is of similar shape to the ventralmost pectoral radial (Fig. 16C); the other
pectoral radials are simple bars of cartilage. The shapes of these elements reflect those
observed in adults, although all cartilaginous elements (compound propterygium and pectoral
radials) are still connected to one another distally. Complete separation among all pectoral
radials and the compound propterygium first occurs at 11.8 mm SL (13.1 mm TL; Fig. 16D).
Ossification of pectoral radials starts in the middle of the cartilage at 10.9 mm SL (11.7 mm
TL), and progresses both anteriorly and posteriorly at the same time. The compound
propterygium ossifies in a similar manner, but it starts at 11.8 mm SL (13.1 mm TL).
The hemitrichia of pectoral-fin rays first appear at 7.4 mm NL, and are located at the
dorsal margin of the compound propterygium (Fig. 16C). The other fin rays develop in a
ventral direction gradually at later sizes. By 18.6 mm SL (21.6 mm TL) there are 18 pectoralfin rays present; 21 fin rays are present in juveniles. Segmentation of fin rays is first observed
at 13.1 mm TL (11.8 mm SL). Between 11.8 and 16.1 mm SL (13.1 and 18.4 mm TL), the
pectoral-fin rays develop a triangular dorsal projection on the base of the medial
hemitrichium; this projection contacts the adjacent hemitrichium. Distal radial cartilages are
first observed at 8.4 mm NL at the tips of the two dorsal pectoral radials. The series of distal
radials gradually develops both dorsally and ventrally. A small, unsegmented pectoral-fin ray
element that we interpret as a pectoral-fin spine articulates with the dorsal margin of the
compound propterygium and projects dorsally. Fusion of the halves of the pectoral-fin spine
occurs after 11.7 mm TL (10.9 mm SL).
Pelvic girdle and fin (Figs. 17, 18). Pelvic buds are present in the smallest sizes after
hatching (> 5.4 mm NL), and are positioned in the posterior end of the abdominal cavity. The
cartilaginous basipterygium is first observed at 6.2 mm NL as an elongated element in the
ventral region of the body cavity at the level of the distal tips of the pectoral-fin radials. By
6.8 mm NL, the basipterygium is more anteriorly positioned at the level of the
scapulocoracoid cartilage. The basipterygium is ventral to the cleithrum by 7.4 mm NL, at
which size the posterior region of the basipterygium is wide and bears a deep indentation in
its posterior margin. By 10.9 mm SL (11.7 mm TL; Fig. 17A), the anterior margin of the
basipterygium contacts the medial surface of the anteroventral region of the cleithrum. The
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anterior portion of the basipterygium is elongate and rectangular; the posterior region is about
twice as wide as the anterior portion. Endochondral ossification of the basipterygium is first
observed at 11.8 mm SL (13.1 mm TL; Fig. 17B), and is mostly restricted to its posterior
region. At this size, the posterior region of the lateral margin of the basipterygium is
projected anterolaterally. A flange formed by membrane bone is developed posteriorly along
the medial margin. By 14.3 mm SL (15.8 mm TL; Fig. 17C) ossification of the basipterygium
reaches its anterior region as well as the lateral process, which becomes angular and
completely ossified by 16.1 mm SL (18.4 mm TL). The membranous medial flange extends
to the middle of the basipterygium in a semi-elliptical shape by 14.3 mm SL (15.8 mm TL); it
acquires a trapezoidal shape by 21.6 mm TL (18.6 mm SL; Fig. 17D).
The pelvic fin comprises one spine and two fin rays. Fin rays are first present at 7.1
mm NL and the pelvic-fin spine is first seen at 7.5 mm SL (7.9 mm TL). By 10.9 mm SL
(11.7 mm TL), the length of rays is twice that than the spine. By 11.8 mm SL (13.1 mm TL)
the pelvic-fin rays become segmented. From this size through the juvenile stages, the pelvicfin rays are three to four times longer than the pelvic-fin spine.
4. Discussion
The description of the early skeletal development confirms that Porichthys notatus
lacks the mesethmoid, parietal, intercalar, coronomeckelian, and basibranchial 2 at all stages
of ontogeny. The mesethmoid and parietal are not found in any other species of
Batrachoidiformes examined to date. Assuming Porichthys notatus as an exemplar of the
order, this study offers additional support for the absence of these bones as synapomorphies
of Batrachoidiformes (Wiley & Johnson, 2010).
The intercalar is present in most species of Halophryninae (except Halobatrachus and
Colletteichthys). All representatives of Batrachoidinae, Porichthyinae, and Thalassophryne
observed to date were found lacking an intercalar. Preliminary analysis suggests that the
absence of the intercalar is a potential synapomorphy grouping these three subfamilies,
occurring homoplastically in Halobatrachus and Colletteichthys.
The coronomeckelian is present in the halophrynin genera Triathalassothia, Riekertia,
Perulibatrachus, Chatrabus, Barchatus, Halobatrachus, Colletteichthys, and Batrichthys, but
absent in all other species of Batrachoidiformes. The preliminary phylogenetic analysis
suggests that the absence of this bone is a synapomorphy grouping Batrachoidinae,
Thalassophryninae, Porichthyinae, Allenbatrachus, Batrachomoeus, and Halophryne, with a
homoplastic occurrence in Bifax.
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The absence of basibranchial 2 seems to be phylogenetically informative in lower
taxonomic levels within Batrachoidiformes. The second basibranchial is completely absent in
Batrachoides, Potamobatrachus (Batrachoidinae), Daector (Thalassophryninae), Batrichthys,
Chatrabus, Colletteichthys, Halophryne, and Perulibatrachus (Halophryninae) (Fig. 21).
Most species that lack the second basibranchial bone still have the copula communis cartilage
present. In species of Halophryne, the copula communis is reduced to two small cartilaginous
pieces: one elongated ventral to basibranchial 1 and one small circular element positioned
ventral to the compound hypobranchial 4 cartilage.
4.1 – Developmental Comparisons to Other Percomorphs and Teleostean Fishes
There is a broad range of data available related to the early development of the
skeleton of fishes, many of which have been fundamental to hypotheses of homology for
various structures within Actinopterygii (e.g., Arratia and Schultze, 1990, 1991, 1992;
Johnson and Britz, 2005). Several of these studies are focused on particular anatomical
regions. For example, de Beer (1937) presents detailed descriptions on the development of
the skull of several vertebrates. Several studies have investigated the ontogeny of the jaws
and hyopalatine arch, discussing potential phylogenetic inferences for various taxa (e.g.,
Arratia, 1990, Siluriformes; Arratia and Schultze, 1991, basal Actinopterygii; Konstantinidis
and Johnson, 2012b, Tetraodontiformes). Similarly, Britz and Johnson (2005), Johnson and
Britz (2005), Konstantinidis and Johnson (2012a) detail the ontogeny of the caudal skeleton
of several species of Tetraodontiformes. Other studies present information on the ontogeny of
multiple anatomical regions of the skeleton. In particular, the series of papers by Potthoff
(1974, 1975, 1980; Potthoff and Kelly, 1982; Potthoff and Tellock, 1993; Potthoff et al.,
1980, 1984, 1988) is a rich source of information for development of the axial skeleton,
appendicular, and gill arches for several scombrids and some other acanthomorphs
(Centropomidae, Haemulidae). These studies summarize the sequence and sizes of cartilage
formation and ossification for the morphological complexes investigated. Ontogenetic
information of the neurocranium, however, is lacking in these studies. Descriptions of
sequences of ossification of the entire skeleton are available to very few species of Teleostei.
Two of these studies are of ostariophysan taxa (Danio rerio: Cubbage and Mabee, 2003; Bird
and Mabee, 2003; Britz and Conway, 2009; and Salminus brasiliensis: Mattox et al., 2014),
and only two are of acanthomorphs: Sciaenops ocellatus and Cynoscion nebulosus
(Sciaenidae; Kubicek and Conway, 2016). The following comparisons were made based on
available ontogenetic data from fishes that are not necessarily closely related to
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Batrachoidiformes. More detailed comparisons on the sequence of ossification are made with
representatives of Sciaenidae (from Kubicek & Conway, 2016) because this family is within
Percomorphacea, as is Batrachoidiformes (sensu Betancur-R et al., 2017).
The embryonic cartilaginous neurocranium of Porichthys notatus has only the
posterior portion of the cartilage taenia marginalis, which is a triangular element on the
posterodorsal edge of the orbital region, and lacks entirely the epiphyseal bar (Figs. 3C-E).
Conversely, Sciaenops ocellatus has the taenia marginalis extending throughout the dorsal
margin of the optic region (i.e., both the anterior and posterior taenia marginalis are present)
and the epiphyseal bar extends transversely over the anterodorsal region of the head. The
condition observed in Sciaenops is similar to that in other percomorphs, such as Dentex
(Scaridae; Koumondorous et al., 2000) and Morone (Moronidae; Fritzsche & Johnson, 1980),
as well in other more basal teleosts, e.g., Salminus brasiliensis (Characiformes; Mattox et al.,
2014), Daenio rerio (Cypriniformes; Cubbage & Mabee, 1996); Puntius semifasciatus
(Cypriniformes; Block & Mabee, 2012), Paedocypris (Cypriniformes; Britz & Conway,
2009), and Danionella (Cypriniformes; Britz & Conway, 2016).
The sequence of ossification of Porichthys notatus is summarized in (Fig. 20). The
sequence of ossification is different for the neurocranium of P. notatus and Sciaenops in
several ways. In P. notatus, the basioccipital develops after the exoccipital, with the frontal
developing after both of these bones. In Sciaenops, these three bones appear at the same time.
In P. notatus, the autosphenotic and the epioccipital develop before the pterotic. The vomer is
the first bone of the neurocranium to ossify after the pterotic, and is followed by the
basisphenoid, prootic, and supraoccipital. In Sciaenops ocellatus, the prootic develops after
the frontal, followed by supraoccipital, vomer, pterotic (these three at same size), followed by
the epioccipital, then later the autosphenotic. The pterosphenoid is the last bone of the
neurocranium to ossify in P. notatus, whereas in S. ocellatus the last bone to appear is the
basisphenoid. Within the suspensorium, jaws, and opercular series, in Porichthys notatus, the
opercle is the first bone to form, followed by the subopercle, and then the interopercle, which
appears at the same time of the dentary. After these elements, the angular, maxilla, and the
preopercle appear in series. In Sciaenops, the maxilla is the first bone to develop, followed by
the dentary, opercle, and premaxilla. Following the ossification of the preopercle, the
sequence of ossification in P. notatus is premaxilla, retroarticular, hyomandibular,
symplectic, and in a larger size, the articular and quadrate. In contrast, in S. ocellatus, the
bones that ossify before the preopercle are the anguloarticular, symplectic, endopterygoid,
quadrate, and subopercle; after the preopercle is present, the subopercle, hyomandibula,
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retroarticular, and ectopterygoid appear. It is notable that in P. notatus the endopterygoid is
one of the last bones to ossify in the entire skeleton, while in S. ocellatus it develops
relatively early.
Because of the phylogenetic distance between Porichthys and Sciaenops, as well as
the complexity of the variation involved in the sequence of ossification, the the differences
are difficult to interpret. However, it is possible to make a few generalizations. In P. notatus
bones that are closely associated with breathing (e.g., opercular series and branchiostegals)
ossify at smaller sizes (i.e., earlier stages) than those that are more closely associated to
feeding (e.g., vomer, maxilla, premaxilla, and dentary). This is possibly related to the absence
of a free-swimming feeding larval stage in P. notatus, in which larvae develop entirely
attached to the yolk-sac in the nest (Arora, 1948; this study). This pattern is even more
evident in the sequence of ossification of the gill arches, in which the pharyngeal tooth plates
are among the last elements to develop among elements of the visceral arches in P. notatus.
This is in contrast to S. ocellatus, in which the tooth plates and ceratobranchials are among
the earliest elements to ossify (Kubicek and Conway, 2016). A similar overall sequence
pattern is observed in other Teleostei, such as Danio rerio and Salminus brasiliensis,
especially in the latter in which the tooth plates of pharyngobranchial 4 and ceratobranchial 5
are the first elements to ossify (Cubbage and Mabee, 1996; Britz and Conway, 2009; Mattox
et al., 2014).
A remarkable difference between the sequence of ossification of Porichthys notatus
and that of other fishes is the early development of dermal bones of the pectoral girdle. In all
groups surveyed in this study the cleithrum is among the first bones of the skeleton to
develop (Kubicek & Conway, 2016; Britz & Conway, 2009; Mattox et al., 2014). In P.
notatus the supracleithrum and postcleithrum also develop early (at 6.2 mm NL), before the
interopercle and the dentary. In Sciaenops, Salminus, and Paedocypris, the supracleithrum
develops after the jaw bones and opercular series, and the postcleithrum (or series of
postcleithra) usually develops late in ontogeny (near the end of the ossification sequence;
Kubicek & Conway, 2016; Britz & Conway, 2009; Mattox et al., 2014). The pectoral-fin rays
of P. notatus develop at smaller sizes than the dorsal, anal, and caudal-fin rays. In Sciaenops
and Salminus, however, the pectoral-fin rays develop after the fin rays of the unpaired fins. It
is unclear if the relative early ossification of the supracleithrum, postcleithrum, and pectoralfin rays in P. notatus is related to a particular function during larval stages.
4.2 – Hypobranchial Four
	
  

228	
  

An ossified hypobranchial 4 is present in non-teleostean Actinopterygii such as
Acipenser, Amia, and Lepisosteus (but not Polypteriformes; Nelson, 1969; Warth et al.,
2017). In Teleostei, hypobranchial 4 is usually absent (Kubicek & Conway, 2016), however,
a cartilaginous hypobranchial 4 has been reported as a transitory cartilaginous element during
early sizes of development in several taxa (e.g., Salmo, de Beer, 1937; Salminus brasiliensis,
Mattox et al., 2014; in the latter, inferred by their Fig. 10, although this element was not
labeled), as a small but distinct cartilage in adults of few species of Ostariophysi (e.g.,
Misgurnus, Nelson, 1969; Barboides gracilis, Conway et al., 2017; Priocharax, Mattox et
al., 2016), or even as a relatively large cartilaginous element (e.g., in Salangidae; Roberts,
1984; Johnson & Patterson, 1996). In those species with a transitory hypobranchial 4, these
elements usually fuse with the proximal tip of the ceratobranchial 4 later in development
(Nelson, 1969). This has been observed in several ostariophysans, such as Puntius
semifasciatus (Block & Mabee, 2012), Catostomus commersonii (Engeman et al., 2009),
Cycleptus elongatus, Luxilus zonatus (Engeman & Mabee, 2012), and Salminus brasiliensis
(Mattox et al., 2014).
In contrast, the hypobranchial 4 of Porichthys notatus has a unique ontogenetic
trajectory. At 6.8 mm TL, the left and right elements appear as distinct circular cartilages that
remain separate from one another until 7.4 mm TL, at which point these cartilages fuse in the
midline (Fig. 9). This results in a single element positioned posterior to the copula communis
that remains cartilaginous in adults. Therefore, the median cartilage positioned posterior to
basibranchial 3 observed in juveniles and adults of Porichthys notatus does not belong to the
basibranchial series, but instead is a compound cartilage formed by the fusion of the left and
right fourth hypobranchials. The shape of this median cartilage is similar across diversity of
Batrachoidiformes (Fig. 21). Therefore, we infer that this ontogenetic pathway might occur in
other species of Batrachoidiformes and propose that this median cartilage should be
identified as compound hypobranchial 4 instead of basibranchial 4 (or basibranchial 3 as in
Greenfield et al., 2008).
In other Teleostei, the diamond-shaped cartilage posterior to basibranchial 3 is
commonly identified as a cartilaginous basibranchial 4 (Hilton et al., 2010; Schnell and
Hilton, 2015; Hilton et al, 2019). The ontogenetic descriptions of Potthoff and Tellock
(1993), Potthoff et al. (1984, 1988), Kubicek and Conway (2016) describe a single embryonic
cartilage continuous with the copula communis that remains cartilaginous in adults,
supporting the hypothesis of a cartilaginous basibranchial 4. The data from Block and Mabee
(2012) and Mattox et al (2014) show the presence of both embryonic cartilages of
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basibranchial 4 and hypobranchial 4, rejecting a potential hypothesis that those fishes have
fused hypobranchials 4, as in P. notatus. The ontogeny of the fourth basibranchial, however,
is unknown for most species, especially within Batrachoidiformes and their closest related
groups (sensu Betancur-R et al., 2017). Assessing the distribution of the distinct ontogenetic
pathway described for P. notatus has two outcomes: one is to use this trajectory as a character
for a phylogenetic analysis. The other is establishing the homology of elements of the gill
arches of Batrachoidiformes with those in other teleost fishes.
4.3 – Homology of Pectoral Fin Radials and Phylogenetic Implications
Batrachoidiformes are historically described as having five pectoral fin radials
(Günther, 1861; p. 168, “five carpal bones distinctly developed”), in contrast to the condition
observed in most Teleostei, which typically have four pectoral radials. Monod (1960)
described the dorsalmost pectoral radial of Halobatrachus didactylus (named as “R1”) being
as long as the other radials, but remaining cartilaginous; Gunther (1861) described it as
rudimentary. Greenfield et al. (2008) confirmed the presence of five pectoral radials across
the generic diversity of Batrachoidiformes, reporting, in addition to Halobatrachus, that a
cartilaginous dorsalmost pectoral radial (their “upper accessory radial) is present also in
Triathalassothia, Austrobatrachus, Riekertia, Batrichthys, and Perulibatrachus. Greenfield et
al. (2008) did not discuss their hypothesis of homology for the dorsalmost pectoral radial and
Wiley & Johnson (2010) proposed five pectoral fin radials as a synapomorphy for
Batrachoidiformes, again with no discussion of the homology of each of these elements.
This study of Porichthys notatus offers the first robust hypothesis for the homology of
each individual radial supporting the pectoral fin of Batrachoidiformes, which allows
informed comparison to other fishes. Data from the early ontogeny demonstrates that the
embryonic pectoral radial plate forms the four radial elements of the pectoral fin. Therefore,
the four ventral radial elements of Batrachoidiformes are homologous to the pectoral radials
of other teleostean fishes. The dorsalmost pectoral “radial,” however, is actually formed by
the propterygium that elongates during its early sizes of development (Fig. 16). After the
propterygium lengthens, a group of cells migrate from the pectoral radial plate and fuses to
the propterygium, shaping this dorsal cartilage into its paddle-like form (Fig. 16B). The
occurrence of this uniquely hypertrophied propterygium in P. notatus has several
phylogenetic implications. Because it is the migration of cells from the pectoral radial plate
that fuse to the propterygium to establish the paddle shape of the propterygium in P. notatus
(Porichthyinae), we infer that the rod-shaped dorsalmost radial-like element of the pectoral
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fin in representatives of Halophryninae, Thalassophryninae, and Batrachoidinae (Fig. 14) is
formed only by the elongation of the propterygium, without inclusion of any component from
the radial plate. Further, the interpretation that Batrachoidiformes have five pectoral radials is
incorrect. The pectoral fin supports of Batrachoidiformes have four radials (the four ventral
bones) and one hypertrophied propterygium. Therefore, the synapomorphy of
Batrachoidiformes is the hypertrophied propterygium and not the presence of five pectoral
radials.
Outside of Batrachoidiformes, the only other teleostean fish reported to have five
elongate radial or radial-like elements supporting the pectoral fin is Gigantactis longicirra
(Lophiiformes; Waterman, 1948; Rosen and Patterson, 1969). There is no developmental
evidence if the cartilaginous radial-like element of Gigantactis is homologous to the
propterygium or if it is an additional pectoral radial. Even if the elongated cartilage of
Gigantactis is homologous to the propterygium as in Batrachoidiformes, the currently
accepted phylogenetic relationships of toadfishes and anglerfishes within Percomorphacea
(Betancur-R et al., 2013; 2017) suggest that these are independent (i.e., homoplastic)
occurrences.
Among Batrachoidiformes, the propterygium remains cartilaginous in adults of the
halophrynine genera Triathalassothia, Halobatrachus, Perulibatrachus, and Austrobatrachus
(Greenfield et al., 2008; this study, Fig. 22). Batrachoidinae, Thalassophryninae,
Porichthyinae, and the remaining Halophryninae all have the hypertrophied propterygium
that is completely or partially ossified (the latter condition observed only in Batrichthys
apiatus and Riekertia ellisi). The phylogenetic analysis of Greenfield et al. (2008) resulted in
optimizing the cartilaginous state as apomorphic (character [5]: Upper accessory pectoral-fin
cartilage: 0=ossified; 1=not ossified). However, as their study did not have ontogenetic data
to establish the homology of the propterygium, Greenfield et al. (2008) coded this character
in outgroups with a question mark. Following from the present study, the outgroup character
state for the propterygium would be cartilaginous and not a question mark, and the ossified
propterygium would be considered apomorphic. The distribution of this apomorphic state of
character could support the hypothesis that Batrachoidinae, Thalassophryninae,
Porichthyinae, and Allenbatrachus, Batrachomeus, Halophryne, Batrichthys, Bifax,
Chatrabus, and Colletteichthys form a monophyletic group, rendering the subfamily
Halophryninae paraphyletic. Our preliminary phylogenetic analysis, however, did not recover
this relationship, although it found a paraphyletic Halophryninae. The phylogenetic analyses
of Greenfield et al (2008) found the cartilaginous propterygium (“upper accessory pectoral	
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fin radial cartilage” in Greenfield et al., 2008) as a synapomorphy grouping all
Halophryninae. Our findings demonstrate that this character state might be plesiomorphic and
therefore not evidence of relationship. The preliminary phylogenetic analysis, despite the
ambiguous optimization of this character at the base of the topology of Batrachoidiformes,
confirmed that a cartilaginous propterygium is a plesiomorphic state and does not support a
monophyletic Halophryninae.
4.4 – Reabsorption of the Third Dorsal Spine During Development
Representatives of Porichthyinae and Thalassophryninae have been historically
described having two dorsal spines, in contrast to the three observed in Batrachoidinae and
Halophryninae (Gunther, 1861; Collette, 1966; 1973; Gilbert, 1968; Walker & Rosenblatt,
1988; Greenfield et al., 2008). The number of dorsal spines has been used for identification
purposes and proposing phylogenetic relationships. Our study clearly shows that there are
three distinct dorsal-fin spines in the early development of Porichthys notatus (Fig. 15). The
third dorsal-fin spine develops similarly to other spines until approximately 13 mm SL (Fig.
15A). Its development is then interrupted (first observed at 16.1 mm SL; Fig. 15B), resulting
in a rod-like pterygiophore with a diminutive spine at 24.5 mm SL (free-swimming; Fig.
15C). In juveniles, the pterygiophore is further reduced to a small, comma-shaped structure
that is closely associated with the pterygiophore of the second dorsal spine (Fig. 15D).
A reduced third dorsal-fin spine in Porichthys notatus is clearly seen in ontogeny and
suggests the need for reevaluation of the condition in other Batrachoidiformes. A similar
structure was found in other species of Porichthyinae, as well as in Thalassophryninae; both
subfamilies have been described as having only two dorsal-fin spines (Collette, 1966; 1973;
Gilbert, 1968; Walker & Rosenblatt, 1988; Greenfield et al., 2008). In Thalassophryninae,
however, the only structure left is a small ossified spine (a reduced pterygiophore is not
present). In Daector dowi, Thalassophryne amazonica, and T. nattereri this spine is circular
and small, but in T. maculosa this element is elongate, similar to other pterygiophores
supporting soft fin rays (Fig. 23). The presence of a reduced third dorsal-fin spine in these
taxa necessitates reconsidering the homology of fin-support structures among representatives
of Batrachoidiformes. These data suggest that the two complete dorsal-fin spines and
pterygiophores of Porichthyinae and Thalassophryninae are homologous to the first and
second dorsal spines of Batrachoidinae and Halophryninae. The presence of three dorsal
spines in all Batrachoidiformes (complete or reduced) suggests that the common ancestor of
this order had three dorsal spines.
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Greenfield et al. (2008) used the number of dorsal spines in their identification key,
and considered Porichthyinae and Thalassophryninae as having only two dorsal spines. The
presence of a reduced third dorsal-spine and pterygiophore in Porichthys notatus (and the
recognition of their homologues in other representatives of Porichthyinae and
Thalassophryninae) implies that the correct character for using in an identification key would
be two or three complete dorsal spines in juveniles and adults. Further, Greenfield et al.
(2008) used in their phylogenetic analyses the character “two dorsal-fin spines: 0=no;
1=yes”. By examination of their character matrix, the states “no” and “yes” meant the total
number of complete dorsal spines in juveniles and adults, as all taxa coded with “yes” are
those from Porichthyinae and Thalassophryninae (taxa with two complete dorsal spines) and
those coded with “no” have three dorsal spines (Batrachoidinae and Halophryninae). In
addition to the evidence of all Batrachoidiformes having three dorsal spines at some stage of
their life, the codification of that character itself has problems. Following Sereno’s (2007)
terminology and methodology for character construction, the character statement proposed by
Greenfield et al. (2008) is not an independent variable. All Batrachoidiformes have at least
two fully developed dorsal-fin spines and pterygiophores. The variation relates to the
presence of a third dorsal-fin spine. Therefore, incorporating the ontogenetic data from this
study, the correct character statement is the development of the third dorsal-fin spine in
juveniles and adults. The exclusive conditions (i.e., states of character) would be “complete
with fully developed spine” versus “reduced with spine restricted to a circular or elongate
bone”
4.5 – Development of the Vertebral Column
In Porichthys notatus the dorsal arcocentra develop in an anteroposterior direction,
whereas the ventral arcocentra first appear in the midpoint of the body (between vertebrae 12
to 23) and develop in both anterior and posterior directions. In most percomorph fishes for
which developmental information is available, the direction of development of basidorsals
and basiventrals typically are similar (e.g., in Sciaenidae, Kubicek & Conway, 2016; most
Zoarcoidea, Hilton et al., 2019; and Lutjanus, Potthoff et al., 1988), regardless whether the
basidorsals and basiventrals develop anterior to posterior or from the midpoint to the
extremities. Potthoff (1975) describes Thunnus atlanticus having a completely inverse
direction of development between basidorsals (which develop anterior to posterior) and
basiventrals (which develop posterior to anterior). The direction of ossification of other
vertebral elements of Thunnus atlanticus, however, develops anterior to posterior. Few fishes
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display a pattern of development similar to that seen in P. notatus; we are only aware of
species of Morone (Moronidae; Fritzsche & Johnson, 1980) having this pattern. However,
given the relative paucity of ontogenetic data across the diversity of Acanthomorphacea, the
phylogenetic significance of such vertebral developmental pathways remains unclear.
Additional ontogenetic studies across closely related taxa are necessary to have a better
assessment of this phylogenetic potential.

5. Conclusions
5.1. The propterygium of Porichthys notatus is hypertrophied and ossified, elongating during
development to become as long as the pectoral radials. The migration and fusion of cells
from the pectoral radial plate to the propterygium in early stages of development form the
posterior expansion of this element (paddle-shaped). Considering the similarities observed in
the pectoral fin across Batrachoidiformes, we infer that a similar developmental pathway
occurs in other species of toadfishes. Therefore, we propose that the dorsal most element of
the pectoral fin, previously thought to be a pectoral radial, is actually a hypertrophied
propterygium.
5.2. Porichthys notatus has three complete dorsal spines in its early life-history, and the
development of the third dorsal spine interrupted, resulting in a spine that is reduced to a
small bone in juveniles. The recognition of this reduced third spine allowed the identification
of this reduced spine in other species of subfamilies Porichthyinae and Thalassophryninae,
both of which were previously thought to have only two dorsal spines. Beyond the
implications of homology, the discovery of a reduced third dorsal spine in these subfamilies
leads to changes in their diagnoses. Instead of describing these subfamilies as having only
two dorsal spines, the correct characteristic is having a reduced third dorsal spine.
5.3. A pair of fourth hypobranchials is present in the earliest stages of development of
Porichthys notatus. These elements fuse during ontogeny, forming the single cartilaginous
element positioned posterior to basibranchial 3. This ontogenetic pathway proves that, at least
for this taxon, this cartilage is not related to the copula communis (i.e., basibranchial series),
as previously described for other teleosts.
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5.4. Porichthys notatus has most neural and haemal arches and spines developing in
membrane bone. The only elements of the vertebral column that have a cartilaginous
precursor are both neural and haemal arches and spines of the second and third pre-ural
centra, as well the basiventrals of vertebra 2-5. Similar occurrences are reported only in
Indostomus and a few gobies (Britz & Johnson, 2002; Schultze & Arratia, 2013). The
biological and phylogenetic significances of this unique developmental pathway are
unknown.
5.5. Bones related to breathing, such as those of the opercular series and the cleithrum,
develop before those more associated to feeding, particularly the pharyngeal tooth plates, in
contrast to other Teleostei, in which the tooth plates and feeding-related bones are usually the
first ones to develop.
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Appendix 1. Additional material examined.
Batrachoidinae
Amphichthys cryptocentrus (4). cleared-and-stained: USNM 144888, aprox 30.0 mm SL;
USNM 226515, 126.7 mm SL. CT-scanned: USNM 226515 (2), 151.5 mm SL, 145.7 mm
SL.
Batrachoides liberiensis (3). cleared-and-stained: USNM 219393 (2), 90.2 mm SL, 105.8
mm SL. CT-scanned: USNM 219393, 116.4 mm SL.
Batrachoides manglae (2). cleared-and-stained: USNM 226605, 20.4 mm SL. CT-scanned:
USNM 226605, 67.0 mm SL.
	
  

241	
  

Batrachoides pacifici (6). cleared-and-stained: UF 227127 (4), 45.7 mm SL, 54.3 mm SL,
61.6 mm SL, 73.5 mm SL; USNM 144886(2), 36.1 mm SL, 46.8 mm SL. CT-scanned:
USNM 144886, 98.0 mm SL.
Batrachoides waltersi (3). cleared-and-stained: USNM 367548, 60.2 mm SL; USNM
369505, 47.8 mm SL. CT-scanned: USNM 367548, 150.9 mm SL.
Batrachoides boulengeri (2). cleared-and-stained: USNM 220127, 101.1 mm SL. CTscanned: USNM 220127, 129.6 mm SL.
Batrachoides gilberti (3). cleared-and-stained: FMNH 84549, 73.0 mm SL; UF 12013, 28.8
mm SL. CT-scanned: FMNH 84549, 80.8 mm SL
Batrachoides goldmani (2). cleared-and-stained: USNM 219383, 72.6 mm SL. CT-scanned:
USNM 219383, 116.0 mm SL
Batrachoides surinamensis (3). cleared-and-stained: FMNH 88024, 76.9 mm SL; UF 23108,
113.2 mm SL. CT-scanned: UF 23108, 110.5 mm SL.
Opsanus beta (3). cleared-and-stained: UF89642, 38.1 mm SL; UF 153948, 60.5 mm SL,
75.8 mm SL.
Opsanus pardus (4). UF 153830, 52.1 mm SL; VIMS 38032, 57.4 mm SL; VIMS 38031,
86.6 mm SL. CT-scanned: VIMS 38033, 90.5 mm SL.
Opsanus phobetron. CT-scanned: UF 227128, 123.6 mm SL.
Opsanus tau (14). cleared-and-stained: VIMS 34755, 24.0 mm SL; VIMS 34756, 29.9 mm
SL; VIMS 34763, 32.4 mm SL; VIMS 34765, 75.9 mm SL; VIMS 34769, 28.3 mm SL;
VIMS 34770, 35.1 mm SL; VIMS 34771, 37.6 mm SL; VIMS 34772, 52.1 mm SL; VIMS
34778, 36.4 mm SL; VIMS 34781, 27.7 mm SL; VIMS 34782, 28.9 mm SL; VIMS 34783,
47.8 mm SL; VIMS 34783, 57.1 mm SL. Dry skeleton. VIMS uncat (approx. 230.0 mm SL).
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Potamobatrachus trispinosus. cleared-and-stained: USNM 330064, 49.5 mm SL (paratype).
Sanopus astrifer. CT-scanned: USNM 209720, 246.2 mm SL.
Sanopus barbatus (4). cleared-and-stained: MCZ 44549, 27.5 mm SL; SIO 67-45, 90 mm SL.
CT-scanned: MCZ 44550, 36.0 mm SL. X-ray: USNM 211322, 250.0 mm SL.
Sanopus reticulatus. CT-scanned: UF 112976, 205.0 mm SL.
Sanopus greenfieldorum. CT-scanned: USNM 415327, 24.6 mm SL.
Vladichthys gloverensis (5). cleared-and-stained: FMNH 104587, 39.3 mm SL; USNM
218916, 52.0 mm SL, 60.4 mm SL; USNM 267789, 19.2 mm SL. CT-scanned: USNM
267789, 50.0 mm SL
Porichthyinae
Aphos porosus (5). cleared-and-stained: USNM 309738 (4), 152.3 mm SL, 98.6 mm SL, 89.4
mm SL, 77.5 mm SL. CT-scanned: USNM 305005, 151.4 mm SL.
Porichthys bathoiketes. cleared-and-stained: UF 228539, 73.5 mm SL. CT-scanned: UF
12965 (paratype), 93.8 mm SL.
Porichthys greenei (6). cleared-and-stained: UF 226105 (5), 37.1 mm SL, 44.0 mm SL, 50.7
mm SL, 56.2 mm SL, 60.7 mm SL. CT-scanned: UF 226105, 64.9 mm SL
Porichthys margaritatus (11). cleared-and-stained: UF 226009 (5), 70.2 mm SL, 70.3 mm
SL, 78.8 mm SL, 89.4 mm SL, 99.2 mm SL; USNM 101730 (5), 19.3 mm SL, 27.9 mm SL,
33.4 mm SL, 39.2 mm SL, 41.3 mm SL. CT-scanned: UF 225009, 121.8 mm SL
Porichthys notatus (5). cleared-and-stained: FMNH 122401, 120.24 mm SL; USNM 104530
(2), 98.2 mm SL, 98.3 mm SL; VIMS 38017, 84.0 mm SL; VIMS 38018, 84.8 mm SL.
Porichthys pauciradiatus (2). cleared-and-stained: UF 226549, 44.6 mm SL. CT-scanned: UF
226549, 50.3 mm SL.
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Porichthys cf. plectrodon: USNM 302134 (6), 48.7 mm SL, 53.5 mm SL, 56.1 mm SL, 58.6
mm SL, 75.5 mm SL, 77.6 mm SL.
Porichthys plectrodon/porosissimus (5). MZUSP 45398, 35.0 mm SL, 40.0 mm SL; VIMS
1132, 55.7 mm SL, 81.5 mm SL. CT-scanned: MCZ 170729, 150.8 mm SL.
Thalassophryninae
Daector dowi (12). cleared-and-stained: UF 226263 (9), 43.1 mm SL, 47.9 mm SL, 60.0 mm
SL, 65.2 mm SL, 73.1 mm SL, 73.7 mm SL, 82.3 mm SL, 84.0 mm SL; 89.6 mm SL; USNM
206532 (2), 59.7 mm SL, 79.1 mm SL. CT-scanned: UF 226263, 105.7 mm SL
Daector reticulata. CT-scanned: UF 225055, 144.0 mm SL.
Thalassophryne amazonica (2). cleared-and-stained: ANSP 178103, 76.8 mm SL. CTscanned: ANSP 178103, 94.3 mm SL.
Thalassophryne natteri (4). cleared-and-stained: MZUSP 47262, 114.8 mm SL; MZUSP
47283, 70.4 mm SL; USNM 302333, 69.4 mm SL. CT-scanned: USNM 302333, 113.0 mm
SL.
Thalassophryne maculosa (5). USNM 199524 (2), 64.4 mm SL, 84.2 mm SL; USNM 200558
(2), 26.0 mm SL, 36.1 mm SL. CT-scanned: USNM 200558, 137.6 mm SL.
Halophryninae
Allenbatrachus grunniens. cleared-and-stained: FMNH 51762, 114.3 mm SL. CT-scanned:
LSUMZ-F 14041, 87.3 mm SL.
Allenbatrachus reticulatus (3). cleared-and-stained: FMNH 47420, 94.6 mm SL; USNM
333283, 45.8 mm SL (c&s). CT-scanned: USNM 333283, 61.4 mm SL.
Barchatus cirrhosus. CT-scanned: USNM 221140, 133.9 mm SL.
Barchatus indicus. CT-scanned: USNM 305979, 128.6 mm SL (holotype).
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Batrachomoeus dahli. CT-scanned: AMI 13282, 49.2 mm SL.
Batrachomoeus dubius (5). cleared-and-stained: AMI 17793-002, 114.5 mm SL; AMI 20605009 (2), 119.1 mm SL, 114.9 mm SL; CSIRO CA 1223, 78.9 mm SL. CT-scanned: CSIRO
CA-550, 119.5 mm SL.
Batrachomoeus occidentalis. CT-scanned: AMI 18472-002 (paratype), 65.3 mm SL.
Batrachomoeus rubricephalus. CT-scanned: AMI 18473-001 (paratype), 220.8 mm SL.
Batrachomoeus trispinosus (5). cleared-and-stained: AMI 15557-280, 116.1 mm SL; CSIRO
A-2185, 33.1 mm SL; USNM 423891, 105.7 mm SL. CT-scanned: LSUMZ-F 16715, 84 mm
SL; USNM 423891, 128.5 mm SL.
Batrichthys apiatus (3). cleared-and-stained: SAIAB 12728, 52.8 mm SL; SAIAB 70353,
72.0 mm SL. CT-scanned: SAIAB 12736, 46.3 mm SL.
Bifax lacinia. CT-scanned: CAS 81232 (paratype), 232.1 mm SL.
Chatrabus hendersoni. CT-scanned and cleared-and-stained: SAIAB 70864, 110.9 mm SL.
Chatrabus melanurus (2). cleared-and-stained: SAIAB 13859, 18.3 mm SL. CT-scanned:
USNM 325744, 156.4 mm SL.
Colletteichthys dussumieri (2). cleared-and-stained: USNM 226512, 84.5 mm SL. CTscanned: UF 146291, 101.6 mm SL.
Colletteichthys occidentalis (3). cleared-and-stained: USNM 147914, 45.0 mm SL. CTscanned: LSUMZ-F 18075, 79.6 mm SL; USNM 147914, 104.4 mm SL.
Halobatrachus didactylus (5). cleared-and-stained: UF 216854, 81.0 mm SL; USNM 205066
(2), 59.5 mm SL, 68.1 mm SL. CT-scanned: CAS 234463, 75.3 mm SL; USNM uncat HABst53, 120.0 mm SL.
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Halophryne diemensis (5). cleared-and-stained: AMI 6162, 100.0 mm SL; AMI 23930-001,
24.0 mm SL; USNM 174023, 113.8 mm SL; USNM 174024, 55.7 mm SL. CT-scanned:
CSIRO H-4155, 86.4 mm SL.
Halophryne hutchinsi. X-ray: USNM 219717, 96.0 mm SL.
Halophryne occellatus (3). cleared-and-stained: H-3253-06, 25.1 mm SL. CT-scanned:
CSIRO C2767, 58.7 mm SL, H2784-10, 41.9 mm SL.
Halophryne queenslandiae (2). CT-scanned: AMI 9500, 117.5 mm SL; CSIRO C2824, 178.3
mm SL.
Perulibatrachus aquilonarius. CT-scanned: CAS 231001, 245.0 mm SL.
Perulibatrachus rossignoli (4). CT-scanned: CAS 225368 (2), 154.0 mm SL, 111.4 mm SL;
FMNH 117453, 167.4 mm SL; SAIAB 67750, 146.6 mm SL.
Riekertia ellisi. CT-scanned: SAIAB 12739, 233.2 mm SL.
Triathalassothia argentina (2). cleared-and-stained: USNM 214438, 100.0 mm SL. CTscanned: USNM 214438, 104.6 mm SL
Triathalassotia lambaloti (1). cleared-and-stained: MZUSP 87217, approximately 80 mm SL.
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Figures.

Figure 1. Field site and live images of larvae of Porichthys notatus. A. Panoramic image of
Seal Rock Campground, Brinnon, WA, USA on low tide. B. Boulder covering the nest
moved up to expose egg masses and specimens. C, D. Underwater image took from live
specimens kept at Friday Harbor Laboratories in the summer of 2017.
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Figure 2. External morphological changes during early life history observed in live specimens
of Porichthys notatus. A) Specimen approximately 6.5 mm NL. B) Specimen with 11 mm
SL. C) Specimen with 13 mm SL. D) Specimen with 18 mm SL.
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Figure 3. Ontogeny of the neurocranium of Porichthys notatus in dorsal, lateral, and ventral
view. A. VIMS 40285, 6 mm NL. B. VIMS 40283, 7.28 mm NL. C. VIMS 40275, 7.9 mm
SL (8.4 mm TL). D. VIMS 40277, 9 mm SL (9.8 mm TL). E. VIMS 40272, 10.9 mm SL
(11.7 mm TL). F. VIMS 40259, 13.1 mm SL (14.6 mm TL). G. VIMS 40260, 16.1 mm SL
(18.4 mm TL). H. VIMS 40264, 18.6 mm SL (21.6 mm TL). I. VIMS 40856, 24.3 mm SL
(25.7 mm TL). Abbreviations. abc, anterior basicapsular commissure; ac, auditory capsule;
apr, autopterotic; asp, autosphenotic; boc, basioccipital; bsp, basisphenoid; epi, epioccipital;
exo, exoccipital; etp, ethmoid plate; fr, frontal; hf, hypophyisial fenestra; le, lateral ethmoid;
lec, lateral ethmoid cartilage; n, nasal; oa, occipital arch; pbc, posterior basicapsular
commissure; pc, parachordal cartilage; pop, postpalatine process; pro, prootic; prp, prootic
process; psp, parasphenoid; pt, posttemporal; pts, pterosphenoid; tm, taenia marginalis; tr,
trabecula; ts, tectum synoticum; v, vomer.
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Figure 3. continuation
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Figure 3. continuation
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Figure 4. Diagram of sequence of development of cartilages and bones of the neurocranium
of Porichthys notatus. Bars in blue correspond to cartilage, red to bone. Lengths presented in
mm NL/SL.
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Figure 5. Ontogeny of jaws, hyopalatine arch, infraorbital, and opercular series of Porichthys
notatus, in lateral view. A. VIMS 40285, 6 mm NL. B. VIMS 40282, 6.2 mm NL. C. VIMS
40274, 6.8 mm NL. D. VIMS 40859, 7.4 mm NL. E. VIMS 40279, 7.9 mm SL (8.3 mm TL).
F. VIMS 40278, 8.2 mm SL (8.7 mm TL). G. VIMS 40273, 9.7 mm SL (10.3 mm TL). H.
VIMS 40269, 11.8 mm SL (13.1 mm TL). I. VIMS 40260, 16.1 mm SL (18.4 mm TL). J.
VIMS 40856, 24.3 mm SL (25.7 mm TL). Abbreviations. ap, autopalatine; ang, angular; ant,
antorbital; ar, articular; d, dentary; dp, dermopalatine; ect, ectopterygoid; end, endopterygoid;
hyc, hyosympletic cartilage; hyo, hyomandibula; ih, interhyal; iop, interopercle; Mc,
Meckel’s cartilage; mmc, mentomeckelian; mt, metapterygoid; mx, maxilla; op, opercle; pap,
pars autopalatina; pop, preopercle; phy, pars hyomandibularis; pmt, pars metapterygoidea;
pmx, premaxilla; pq, pars quadrata; pqc, palatoquadrate cartilage; psy, pars symplectica; q,
quadrate; rar, retroarticular; rc, rostral cartilage; sop, subopercle; sy, symplectic.
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Figure 5. continuation
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Figure 6. Ontogeny of the ascending process of the premaxilla of Porichthys notatus in
frontal view. A. VIMS 40275, 7.9 mm SL (8.4 mm TL). B. VIMS 40278, 8.2 mm SL (8.7
mm TL). C. VIMS 40277, 9 mm SL (9.8 mm TL). D. VIMS 40269, 11.8 mm SL (13.1 mm
TL). E. VIMS 40260, 16.1 mm SL (18.4 mm TL). Abbreviations. ant, antorbital; ap,
autopalatine; asc, ascending process of the premaxilla; mx, maxilla; pmx, premaxilla; pqc,
palatoquadrate cartilage; rc, rostral cartilage.
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Figure 7. Ontogeny of the ventral hyoid arch of Porichthys notatus in lateral view. A. VIMS
40286, 6.4 mm TL. B. VIMS 40278, 8.2 mm SL (8.7 mm TL). C. VIMS 40273, 9.7 mm SL
(10.3 mm TL). D. VIMS 40269, 11.8 mm SL (13.1 mm TL). E. VIMS 40260, 16.1 mm SL
(18.4 mm TL). F. VIMS 40856, 24.3 mm SL (25.7 mm TL). Abbreviations. ach, anterior
ceratohyal; bh, basihyal; br, branchiostegal rays; chc, ceratohyal cartilage; dhp, dorsal
hypohyal; hpc, hypophyal cartilage; pch, posterior ceratohyal; vhp, ventral hypohyal.
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Figure 8. Diagram of sequence of development of cartilages and bones of jaws, hyopalalatine
and ventral hyoid arches, infraorbital, and opercular series of Porichthys notatus. Bars in blue
correspond to cartilage, red to bone. Lengths presented in mm NL/SL.
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Figure 9. Ontogeny of the branchial arches of Porichthys notatus. A. Ventral gill-arch
elements of VIMS 40285 (6 mm NL) in dorsal view. B. Ventral gill-arch elements and closeup image of hypobranchial four cartilages of VIMS 40262 (7.1 mm NL) in dorsal view. C.
Ventral (left) and dorsal (right) gill arches of VIMS 40284 (7.5 mm SL, 7.9 mm TL) in dorsal
view. D. Ventral (left) and dorsal (right) gill arches of VIMS 40277 (9 mm SL, 9.8 mm TL)
in dorsal view. E. Ventral (top left) and dorsal (right) gill arches of VIMS 40272 (10.9 mm
SL, 11.7 mm TL) in dorsal view. Bottom-left shows a close-up of anterior branchial elements
in ventral view. F. Ventral (top left) and dorsal (right) gill arches of VIMS 40269 (11.8 mm
SL, 13.1 mm TL) in dorsal view. Bottom-left shows a close-up of anterior branchial elements
in ventral view. G. Ventral (top left) and dorsal (right) gill arches of VIMS 40260 (16.1 mm
SL, 18.4 mm TL) in dorsal view. H. Ventral (top left) and dorsal (right) gill arches of VIMS
40264 (21.6 mm SL, 18.6 mm TL) in dorsal view. Bottom-left shows a close-up of anterior
branchial elements in ventral view. Abbreviations. bb, basibranchial; bh, basihyal; cb,
ceratobranchial bone; cbc, ceratobranchial cartilage; cc, copula communis; eb, epibranchial
bone; ebc, epibranchial cartilage; pb, pharyngobranchial bone; pbc, pharyngobranchial
cartilage; hb, hypobranchial bone; hbc, hypobranchial cartilage; tp, tooth plate; uh, urohyal;
up, uncinate process.
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Figure 9. continuation
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Figure 9. continuation
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Figure 9. continuation.

	
  

261	
  

Figure 10. Diagram of sequence of development of gill arches of Porichthys notatus. Bars in
blue correspond to cartilage, red to bone. Lengths presented in mm NL/SL.
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Figure 11. Ontogeny of the axial skeleton of Porichtys notatus in lateral view. A. VIMS
40281, 7.8 mm NL. B. VIMS 40275, 7.9 mm SL (8.4 mm TL). C. VIMS 40272, 10.9 mm SL
(11.7 mm TL). D. VIMS 40258, 14.3 mm SL (15.8 mm TL). Abbreviations. cbd,
cartilaginous basidorsal; cbv, cartilaginous basiventral; dac, dorsal arcocentrum; dhy, dorsal
hypural; en, epineural bone; fr, fin ray; ha, haemal arch; hapu2, haemal arch of pre-ural
centrum two; hs, haemal spine; hspu2, haemal spine of pre-ural centrum two; na, neural arch;
napu2, neural arch of pre-ural centrum two; ns, neural spine; nspu2, neural spine of pre-ural
centrum two; pu2, pre-ural centrum two; phy, parhypural; pmc, proximal-middle cartilage; v,
vertebral centrum; vac, ventral arcocentrum; vhy, ventral hypural.
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Figure 12. Ontogeny of the anterior region of the vertebral column of Porichthys notatus in
dorsal (A) and lateral (B–D) views. A. VIMS 40285, 6 mm NL. B. VIMS 40282, 6.2 mm NL.
C. VIMS 40859, 7.4 mm NL. D. VIMS 40278, 8.2 mm SL (8.7 mm TL). E. VIMS 40277, 9
mm SL (9.8 mm TL). Abbreviations. boc, basioccipital; cbv, cartilaginous basiventral; dac,
dorsal arcocentrum; ds, dorsal spine; exo, exoccipital; fr, fin ray; n, notochord; pmc,
proximal-middle cartilage; v, vertebral centrum; vac, ventral arcocentrum.
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Figure 13. Early development of the caudal skeleton of Porichthys notatus. A, VIMS 40257,
6.5 mm NL. B, VIMS 40274, 6.8 mm NL. C, VIMS 40283, 7.3 mm NL. D, VIMS 40281 7.8
mm NL. E, VIMS 40859, 7.4 mm NL. F, VIMS 40279, 7.9 mm SL (8.3 mm TL). G, VIMS
40278, 8.2 mm SL (8.7 mm TL). H, VIMS 40277, 9.0 mm SL (9.8 mm TL). I, VIMS 40273,
9.7 mm SL (10.3 mm TL). J, VIMS 40268, 10.0 mm SL (10.8 mm TL). K, VIMS 40272,
10.9 mm SL (11.7 mm TL). L, VIMS 40267, 10.6 mm SL (11.4 mm TL). M, VIMS 40266,
11.9 mm SL (12.9 mm TL). N, VIMS 40276, 11.5 mm SL (12.5 mm TL). O, VIMS 40270,
14.3 mm SL (15.4 mm TL). P, VIMS 40258, 14.3 mm SL (15.8 mm TL). Q, VIMS 40260,
16.1 mm SL (18.4 mm TL). R, VIMS 40264, 18.6 mm SL (21.64 mm TL). *Foramen from
which the caudal vessels exit. Black arrows indicate the support for the anteriormost dorsal
procurrent fin ray. Abbreviations: acc, arcocentrum; ar-phy, arch of parhypural; au,
autocentrum; cbv, caudal blood vessels; dhy, dorsal hypural; ep, epural; fr, fin rays; hspu,
haemal spine of preural vertebra; mr, middle radial; nspu, neural spine of preural vertebra;
phf, parhypural flange; phy, parhypural; pro, procurrent caudal-fin ray; pu, preural centrum;
vhy, ventral hypural; u, ural centrum. Scale bars: 0.1 mm.
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Figure 13. continuation.
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Figure 14. Ossification of dorsal and anal fins of Porichthys notatus in lateral view. A.
VIMS 40269, 11.8 mm SL (13.1 mm TL). B. VIMS 40258, 14.3 mm SL (15.8 mm TL). C.
VIMS 40260, 16.1 mm SL (18.4 mm TL). D. VIMS 40264, 18.6 mm SL (21.6 mm TL).
Abbreviations. dr, distal radial cartilage; fr, fin rays; mr, middle radial; pmc, proximal-middle
cartilage; pr, proximal radial; sn, supernumerary ray.
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Figure 15. Ontogeny of dorsal-fin spines of Porichthys notatus in lateral view. A. VIMS
40259, 13.1 mm SL (14.6 mm TL). B. VIMS 40260, 16.1 mm SL (18.4 mm TL). C. VIMS
XXX, 24.5 mm SL (28.2 mm TL). D. VIMS 38018, 84.5 mm SL. Abbreviations. dr, distal
radial; ds, dorsal spine; pmc, proximal-middle cartilage; pmr, proximal-middle radial; pr,
proximal radial.
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Figure 16. Ontogeny of the pectoral fin of Porichthys notatus in lateral view and higher
magnification of the pectoral radials (A–D, F). In E, the high-magnified picture shows details
of the pectoral fin spine showing complete fusion and lack of segmentation. Asterisk in B
indicates the group of cells from the pectoral radial plate migrating to the propterygium. A.
VIMS 40282, 6.2 mm NL. B. VIMS 40262, 7.1 mm NL. C. VIMS 40284, 7.5 mm SL (7.9
mm TL). D. VIMS 40269, 11.8 mm SL (13.1 mm TL). E. VIMS 40258, 14.3 mm SL (15.8
mm TL). F. VIMS 40264, 18.6 mm SL (21.6 mm TL). Abbreviations. bpc, basipterygial
cartilage; cl, cleithrum; co, coracoid; Cpro, compound propterygium; fr, fin ray; pcl,
postcleithrum; pro, propterygium; prp, pectoral radial plate; ra, pectoral radial; scc,
scapulocoracoid cartilage; scl, supracleithrum; scp, scapula; sp, spine.
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Figure 17. Ontogeny of the pelvic fin of Porichthys notatus in ventral view. A. VIMS 40272,
10.9 mm SL (11.7 mm TL). B. VIMS 40269, 11.8 mm SL (13.1 mm TL). C. VIMS 40258,
14.3 mm SL (15.8 mm TL). D. VIMS 40264, 18.6 mm SL (21.6 mm TL). Abbreviations. bp,
basipterygium; bpc, basipterygial cartilage; fr, fin ray; sp, spine.
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Figure 18. Diagram of sequence of development of vertebral column and paired fins of
Porichthys notatus. Bars in blue correspond to cartilage, red to bone. Lengths presented in
mm NL/SL.
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Figure 19. Diagram of sequence of development of cartilages and bones of unpaired fins of
Porichthys notatus. Bars in blue correspond to cartilage, red to bone. Lengths presented in
mm NL/SL.
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Figure 20. Sequence of ossification of the entire skeleton of Porichthys notatus. Lengths are
described in mm NL/SL.
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Figure 21. Comparative morphology of ventral gill arches in Batrachoidiformes. A.
Allenbatrachus reticulatus, USNM 333283 (45.8 mm SL). B. Opsanus tau, VIMS 34472
(52.1 mm SL). C. Batrachoides waltersi, USNM 367548 (60.2 mm SL). D. Halophryne
diemensis, AMI 23930-1 (24 mm SL). Abbreviations. bb, basibranchial; bh, basihyal; cb,
ceratobranchial bone; cc, copula communis; hb, hypobranchial bone; hbc, hypobranchial
cartilage; tp, tooth plate; uh, urohyal.
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Figure 22. Comparative morphology of pectoral fins in Batrachoidiformes. A. Halobatrachus
didactylus, USNM 205066 (59.16 mm SL). B. Batrichthys apiatus, SAIAB 70353 (72 mm
SL). C. Allenbatrachus reticulatus, USNM 333283 (45.8 mm SL). D. Opsanus tau, VIMS
34756 (29.9 mm SL). E. Daector dowi, USNM 206532 (79.1 mm SL). Porichthys greenei,
UF 226105 (56.7 mm SL). Abbreviations. cl, cleithrum; co, coracoid; cpro, compound
propterygium; fr, fin ray; pcl, postcleithrum; pro, propterygium; ra, pectoral radial; scl,
supracleithrum; scp, scapula; sp, spine.
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Figure 23. Fin spines and pterygiophores in Thalassophryninae. A, B. Thalassophryne
maculosa, USNM 200558 (36.1 mm SL), in lateral (A) and dorsal (B) views. C, D. Daector
dowi, USNM 206532 (79.1 mm SL) in lateral view. Figures B and D show the third dorsal
spine in high magnification. Abbreviations. ds, dorsal spine; en, epineural bone; pmr,
proximal-middle radial; nsv, neural spine of vertebra.
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Chapter 4
Phylogenetic analysis of Batrachoidiformes (Percomorphacea: Teleostei)

	
  

277	
  

Abstract
Batrachoidiformes, the toadfishes, are benthic fishes that inhabit nearshore subtidal
and intertidal habitats, characterized by their dorsoventrally flattened bodies and large
pectoral fins. These fishes lack dispersive larvae, and larvae are retained in nests guarded by
their parents. The monophyly of this order is widely accepted and previous studies recognize
a single family, Batrachoididae, with four subfamilies: Batrachoidinae, Porichthyinae,
Thalassophryninae, and Halophryninae. Interrelationships among subfamilies, however, are
unresolved and interrelationships among species are problematic. Several characters used in
previous analyses were found to have problematic construction or be intraspecifically
variable. The present study reassessed the morphology of 66 of 82 species and 22 of 23
genera in Batrachoidiformes, including multiple representatives of the same species. A new
set of 191 morphological characters was constructed. A phylogenetic analysis was performed
with one species of each available genus and three outgroups. Five equally parsimonious
trees were found and all trees recovered Halophryninae as paraphyletic. Allenbatrachus,
Batrachomoeus, and Halophryne (previously considered Halophryninae) form a clade
(Halophryninae sensu stricto) that is the sister-group of Porichthyinae, Thalassophryninae,
Batrachoidinae sensu stricto, and Potamobatrachus, a relationship not recognized in any
previous study. Subfamilies Porichthyinae and Thalassophryninae are monophyletic and are
sister groups. Batrachoidinae sensu lato was not recovered as monophyletic in all
fundamental trees, with Potamobatrachus varying in position; the strict consensus tree shows
this clade forms a polytomy with the ancestor linage of all other Batrachoidinae sensu stricto
and the clade formed by Porichthyinae and Thalassophryninae. Given the position of
Potamobatrachus, this genus is elevated to subfamiliar level (Potamobatrachinae). The base
of Batrachoidiformes remains unresolved, with three linages: a clade comprising
Halophryninae sensu stricto, Thalassophryninae, Porichthyinae, Potamobatrachinae, and
Batrachoidinae sensu stricto; Triathalassothinae n. subfam. (comprising only
Triathalassothia); and Halobatrachinae n. fam. Halobatrachinae n. subfam. comprises eight
genera: Riekertia, Chatrabus, Barchatus, Bifax, Batrichthys, Perulibatrachus,
Halobatrachus, and Colletteichthys. This analysis presents a new set synapomorphies of
Batrachoidiformes and also discusses synapomorphies previously proposed for this order.
1. Introduction
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Systematics is the study and understanding of phylogenetic relationships and forms
the basis of a rigorous taxonomic classification. Taxonomy, in turn, provides the scientific
names, descriptions, and morphological definitions of organisms, forming the basis of any
biological, comparative, and evolutionary study, including the recognition of new taxa
(Helfman et al., 2009). A phylogenetic classification can be predictive. Well-studied taxa can
offer insights into the biological or behavioral features of poorly known, closely related taxa
(Helfman et al., 2009). Ontogenetic comparisions among closely related species allow for the
recognition of events of developmental truncation, and lead to better understanding of
macroevolutionary patterns and processes of morphological evolution (e.g., for Paedocypris;
Britz and Conway, 2009). Further, study of relationships of high-level taxa allows the
understading of evolutionary morphological traits and their interactions with the environment
(Hilton et al., 2015), including hypotheses on dispersals, invasions, and extinctions (Carvalho
et al., 2004). Synthesizing all of these data and observations into phylogenetic hypotheses
can serve as the fundamental basis for acts of management and conservation (Collette &
Vecchione, 1995).
Batrachoidiformes include fishes commonly known as toadfishes and midshipmen.
These are small to medium-sized fishes (total length ranging from 20 to 50 cm), inhabiting
mostly benthic coastal habitats. Toadfishes are distributed worldwide; most species of the
subfamily Halophryninae occur in the coastal areas of Europe, Africa, and Asia and Oceania,
whereas species of the other sub-families occur throughout the tropical and temperate coastal
regions of North and South America in both the Pacific and Atlantic oceans, including the
Caribbean Sea. Batrachoidiformes generally have a wide body and a dorsoventrally
compressed head that bears fleshy barbels around the mouth (Greenfield et al., 2008). Their
body is stocky and tapers posteriorly. Swimbladders of batrachoidiforms have two lobes and
are involved in complex vocalizations used for a wide range of behaviors, including courtship
and nest defense (Rice & Bass, 2009; Mohr et al., 2017).
The current taxonomy of Batrachoidiformes recognizes a single family,
Batrachoididade, with 82 species in 23 genera distributed in four subfamilies: Batrachoidinae,
Thalassophryninae, Porichthyinae, and Halophryninae (Greenfield et al., 2008). This order
has historically been considered to be a monophyletic group, based primarily on the
conservative external morphology and a few osteological characters, such as the
configuration of the dorsal spines and pterygiophores (Bloch & Schneider, 1801; Cope, 1871;
Regan, 1912; Greenwood, 1966; Greenfield et al., 2008; Wiley & Johnson, 2010). Many
previous studies have focused on the placement of Batrachoidiformes relative to other orders
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of fishes (Rosen & Patterson, 1966; Patterson & Rosen, 1989, Miya et al., 2005), but all lack
a broad sampling of taxa to assess morphological variation within Batrachoidiformes, and
relatively few studies have investigated the interrelationships within the order.
Smith (1952) first recognized subfamilies within Batrachoididae, proposing the
subfamily Porichthyinae for the genera Aphos and Porichthys and Thalassophryninae for
Daector and Thalassophryne, and placing the remaining genera in the subfamily
Batrachoidinae. Greenfield et al. (2008) performed the first comprehensive intraordinal
cladistic analysis including a wide range of genera. The phylogenetic analysis of Greenfield
et al. (2008) found the subfamilies Porichthyinae and Thalassophryninae to be monophyletic,
restricted the subfamily Batrachoidinae to comprise only genera Amphichthys, Batrachoides,
Opsanus, Potamobatrachus, Sanopus, and Vladichthys, and recognized a clade that was
erected as a new subfamily, Halophryninae. This newly created subfamily comprised the
genera Allenbatrachus, Austrobatrachus, Barchatus, Batrachomoeus, Batrichthys, Bifax,
Chatrabus, Colletteichthys, Halobatrachus, Halophryne, Perulibatrachus, and Riekertia. The
position of genus Triathalassothia varied among equally parsimonious trees and was
proposed as Batrachoidiformes incertae sedis. Although Greenfield et al. (2008) offered a
hypothesis of relationships within each of the subfamilies, the analysis did not resolve the
interrelationships among subfamilies.
In Greenfield et al. (2008) two of the main sources of morphological variation
(Grande, 2004; Hilton and Bemis, 2012) were not addressed: ontogenetic and individual
variation. This is a general problem in the study of Batrachoidiformes. Despite being
conspicuous coastal fish worldwide, most species of Batrachoidiformes lack detailed
anatomical descriptions. The only study assessing all different types of variation in this order
is Vaz & Hilton (2020; Chapter 1), which is focused only in the caudal skeleton. Vaz &
Hilton (2020) demonstrated that the morphological characters from the caudal skeleton used
by Greenfield et al. (2008) vary individual and ontogenetically. Further, the construction of
most characters in Greenfield et al. (2008) required reanalysis, as several character states are
not mutually exclusive, and there are characters that lack independence, resulting in
redundant coding.
In this manuscript the skeletal and external morphology of 66 species and 22 genera
of Batrachoidiformes were analyzed to comprehensively assess phylogenetic relationships. A
new set of morphological characters is presented, constructed using the methodology of
Sereno (2007), with a reassessment of characters used by Greenfield et al. (2008). The
phylogenetic analysis presented here includes one species of each available genus (only
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specimens representing Austrobatrachus were not available) to evaluate relationships among
genera and subfamilies of Batrachoidiformes. This serves as the basis for a new provisional
classification of the order.

2. Material and methods
Skeletal terminology follows Hilton (2011) and Vaz & Hilton (2020) for the caudal
skeleton. Meristic data follow Fink & Weitzman (1974). Unless otherwise specified, all body
lengths reported are standard length (SL). Preserved specimens were cleared and double
stained following protocols adapted from Dingerkus & Uhler (1977) and Taylor & van Dyke
(1985). Specimens were scanned with Bruker Skyscan 1173 computed tomography (CT) at
the Karel F. Liem Bioimaging Center at Friday Harbor Laboratories (University of
Washington). Voxel resolution depended on the size of the specimen but the maximum used
for most specimens was 35.2 µm, with the following settings: 60-65kV and 110-123µA.
Some large specimens (from 70 to 220 mm SL) were scanned with a voxel resolution of 71.4
µm.
Cleared and stained specimens were examined with binocular dissecting microscopes
and images were obtained using a Zeiss Axiocam camera attached to a Zeiss Discovery V20
stereomicroscope and rendered as Z-stacked images using AxioVision software to increase
the depth of field. The CT images were reconstructed using NRecon Reconstruction and
converted into DICOM files using DICOM-Converter. The final reconstructed images were
visualized using Amira v.5.0 and color and/or contrast adjusted as necessary using Adobe
Photoshop CS6.
2.1 Material examined.
Institutional abbreviations for specimens follow Sabaj (2019). The detailed list of
material examined is in Appendix 1. Sixty-six species in 22 genera of Batrachoidiformes
were examined. The only genus not available for study was Austrobatrachus. This
phylogenetic analysis included one species of each available genus of toadfishes. The
outgroups used included Lepomis macrochirus (Centrarchidae), Ophidion grayi (Ophidiidae),
and Gobiosoma bosc (Gobiidae).
2.2 Phylogenetic methods.
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Characters such as morphological features and DNAsequences are properties of an
organism (Wiley and Lieberman, 2011). The same characters (homologues) can be compared
among different organisms (e.g., individuals, species, etc.). The identification of a character
in this analysis consists of identifying comparable morphological properties (homologues)
shared by individuals of one or more species. Homologues may have different forms
(character states) in related taxa, either ingroup or outgroup taxa.
Newly constructed morphological characters for this study followed the methodology
of Sereno (2007). All characters were categorical and had the same weight. A matrix of 191
characters and 25 taxa (Appendix 2) included one species of each available genus of
Batrachoidiformes (22) and three outgroups. The character matrix was constructed using
Mesquite 3.02 (Maddison and Maddison, 2015) and Excel®. Characters and all coding were
derived from observations of specimens. Characters proposed by Greenfield et al. (2008)
were assessed and discussed. Multistate characters were unordered. Cladistic analysis was
performed using the software TNT 1.5 (Goloboff et al., 2016). Starting trees for a heuristic
search were set with 1,000 random seed and 10,000 replications. The branch-swapping
algorithm used was tree bisection reconnection, saving 10,000 trees per replication. Heuristic
searches with other branch-swapping algorithms available in TNT did not find trees with
lower scores. A strict consensus of equally parsimonious trees was calculated.
The tree was rooted in Lepomis because of its generalized body form of a percomorph
fish. Additionally, given lab closeures from COVID-19, this was the only percomorph
species available. The selection of the other outgroups was related to the placement of
Batrachoidiformes in recent broad-based phylogenetic analyses (Betancur-R et al., 2013,
2017). Ophidiiformes was the clade placed in the node below Batrachoidiformes and all other
representatives of Percomorphacea; Ophidion was included as its representative taxon. In
Betancur-R et al. (2013), Gobiomorpharia (Gobiiformes and Kurtiformes) was the clade that
rises from the node above Batrachoidiformes (i.e., the sister-group to the remaining
percomorph fishes); Gobiosoma bosc was selected as its representative taxon. In Betancur-R
et al. (2017), however, the clade that arises above Batrachoidiformes comprised the series
Pelagiaria and Syngnatharia, with Gobiomorpharia being positioned tenuously in a node
above them (tenuous separation inferred by the distance between nodes, as these authors use
probabilistic likelihood methods). Considering the close proximity of the Gobiomorpharia to
Batrachoidiformes and the highly modified morphology of taxa within Pelagiaria and
Syngnatharia, representatives of these last two series were not included in this analysis.
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3. Results
In this section, characters adapted from Greenfield et al. (2008) are annotated GWC,
followed by their character number in brackets (e.g., GWC[1] indicates Greenfield et al.
2008’s Character 1); character numbers without such annotation are those used in the present
analysis.
3.1 Characters from Greenfield et al. (2008) used or reconstructed in present analysis
GWC[1]: Two dorsal-fin spines: 0, no; 1, yes.
Three dorsal-fin spines are present in the early ontogenetic stages of Porichthys
notatus (Chapter 3). The supporting pterygiophore of dorsal spine three is mostly reabsorbed
and the spine stops developing early in ontogeny, resulting in an element the size of a medial
radial. This discovery allowed recognition of the reduced third spine in other species of
Porichthyinae and Thalassophryninae, which were previously diagnosed by having only two
dorsal-fin spines. Therefore, the variation is not related to the number of dorsal spines but
rather to the relative size of the third dorsal-fin spine, resulting in the following character:
Character 129: Third dorsal spine, development: 0, complete, as long as second dorsal spine;
1, reduced to a small element equal or smaller than a medial radial.
Additionally, the original construction of the character (two dorsal-fin spines: 0=no;
1=yes) is erroneously constructed. The proposed states of character do not represent opposing
states. All species of Batrachoidiformes have at least two dorsal-fin spines, including those
who have three fully developed spines. It is the posteriormost (i.e., the third) spine that shows
variation in size.
GWC[2]: Dorsal-fin spines hollow: 0, no; 1, yes.
This character is present only in representatives of Thalassophryninae and its
distribution is linked to hollow opercular spines (Character 76, Opercular spine: 0, solid; 1,
hollow). Both characteristics are associated to the presence of venom glands at the base of
both dorsal-fin and opercular spines. Cleared-and-stained and CT-scanned specimens do not
allow a complete visualization of the venom gland. Therefore, the morphology of these
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spines (i.e., being hollow) is used as proxy to account the phylogenetic information of the
presence of the venom gland.
GWC[3]: Number of subopercular spines: 0, none; 1, one; 2, two; 3, three.
The original construction of this character proposed by Greenfield et al. (2008)
defines state zero with no spines, which is equivalent to an absence of spines. Although zero
could oppose a state from any other number grammatically or numerically, biologically it
reflects the evolution of a structure (sensu Sereno, 2007). Therefore, within this character
there is a mix of two types of characters: a neomorphic character, in which the posterior
margin of the subopercle gained a new structure (one or more spines) and a transformational
character that addresses the variation of the number of spines. Following this reasoning, we
constructed two distinct characters:
Character 70. Subopercle, posterior margin (neomorphic): 0, continuous, spineless; 1, bearing
one, two, or three spines.
Character 71. Subopercular spines, number (transformational): 0, one spine; 1, two spines; 2,
three spines.
GWC[4]: Scales: 0, present; 1, absent.
This character was kept unmodified and included in the analysis as Character 189.
GWC[5]: Upper accessory pectoral-fin cartilage: 0, ossified; 1, not ossified.
Ontogenetic data from Porichthys notatus (Chapter 3) demonstrated that the
dorsalmost radial-like element in the pectoral fin of Batrachoidiformes (upper accessory
pectoral-fin radial of Greenfield et al., 2008) is homologous to the propterygium of other
fishes. This recognition allows the comparison of this feature with other fishes instead of
scoring it in the data matrix with a question mark. Therefore, GWC[5] was separated into
three distinct characters. The first character was constructed to describe the hypertrophied
propterygium of Batrachoidiformes compared to that of other acanthomorphs:
Character 168. Propterygium, length: 0, small, diameter similar to a distal radial; 1,
hypertrophied, as long as pectoral radials.
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The second character addresses the variation of the composition of the propterygium,
and is similar to that of character 5 from Greenfield et al. (2008):
Character 169. Propterygium, composition: 0, cartilaginous; 1, ossified (at least partially).
Additionally, the propterygium is ossified only at its base, with its distal part
remaining cartilaginous (even in adult stages), in the genera Batrichthys and Riekertia. A
character was developed to capture the phylogenetic signal of this information:
Character 170. Propterygium, extent of ossification: 0, ossified only at the base; 1,
completely ossified.
GWC[6]: Medial suture between epihyal and ceratohyal: 0, no; 1, yes.
Although the term epihyal is widespread in the literature on the osteology of
teleostean fishes, Nelson (1969) argues that the use of epihyal is incorrect, following the
observation that two distinct bones ossify in the ceratohyal cartilage. He suggests that the
correct terminology should be anterior and posterior ceratohyals. The ontogenetic series of
Porichthys notatus (Chapter 3) confirms a similar pattern of ossification for the ceratohyal
cartilage, and therefore we follow the terminology proposed by Nelson (1969), and used by
others in recent osteological descriptions (e.g., see Hilton, 2011).
Following Sereno’s (2007) methodology for construction of morphological
characters, Greenfield et al (2008) is treating this as a neomorphic character type by using
states of character “no” and “yes”. However, within Batrachoidiformes, all species have a
suture between anterior and posterior ceratohyals, and the variation lies in its degree of
interdigitation. In several species (e.g., Batrichthys apiatus) the interdigtation suture between
the sutures of anterior and posterior ceratohyals is weak, extending only to the anterior
margin of the adjacent element. In other species (e.g., Opsanus tau), the interdigitation are
extremely well developed, with sutures extending to a significant extent past the anterior
margin of the adjacent element. This variation is better described as a transformational
character, and was rewritten as it follows:
Character 82. Suture between anterior and posterior ceratohyal, degree of interdigitation: 0,
short, slightly reaching the anterior margin of the adjacent bone; 1, long, sutures extending
well beyond the margin of the adjacent element.
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GWC[7]: Foramina in skull behind eyes: 0, no; 1, yes.
This opening located in the dorsal region of the neurocranium is relatively wide,
affecting the shape of frontals and the autosphenotic. Instead of foramen, which is associated
to a single bone, fenestra is a more appropriate term. This character was rewritten only to
describe the location of this fenestra more precisely:
Character 7. Frontal, surface of the lateral margin posterior to the supraorbital groove: 0,
continuous flat surface; 1, pierced by a large fenestra.
GWC[8]: Upper accessory pectoral-fin radial expanded and wide: 0, no; 1, yes.
This character is primarily focused on the shape of the propterygium (= their “upper
accessory pectoral-fin radial”) of Porichthyinae. Following Sereno (2007), Greenfield et al.’s
(2008) construction mixes the character with its variables (i.e., states of character). The
condition of being expanded and wide is observed only in Porichthyinae, and is mutually
exclusive from rod-shaped, observed in other Batrachoidiformes, and circular, observed in
other fishes. Character states of “yes” and “no,” similar to presence and absence, reflects
treating this character as neomorphic. However, there is a transformation series across
diversity of fishes (i.e., circular, rod-shaped, paddle-shaped). Therefore, the character shape
of the propterygium was constructed as follows:
Character 171. Propterygium, shape: 0, circular; 1, rod-shaped; 2, paddle-shaped.
GWC[10]: Exposed bone on top of skull: 0, no; 1, yes.
This character reflects the extent of the epaxial musculature on the dorsal surface of
the posterior region of the neurocranium. Amphichthys, Vladichthys, and Sanopus
(Batrachoidinae) share the condition of having the epaxial musculature not reaching the
supraorbital groove, as seen in other Batrachoidiformes. Instead these genera have a
longitudinal ridge (width approximately half the width of the fused frontal) across the
posterior margin of the frontal that restricts the epaxial muscles only to its posterior edge.
Although data on the epaxial musculare were not available for all species, the shape of the
ridge of the frontal can be used as proxy for assessing the extent of the epaxial muscles over
the neurocranium.
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The longitudinal ridge on the frontals in these taxa is part of a broader
transformational series found within Batrachoidinae. All representatives of Batrachoidinae
have the left and right frontals fused, and there is longitudinal ridge that crosses this point of
fusion. Batrachoides, Opsanus, and Potamobatrachus have a narrow ridge that does not
interrupt the epaxial musculature reaching anterior to the supraorbital groove. To account for
this morphological variation, three characters were constructed:
Character 4. Frontals, antimeres: 0, separated medially; 1, fused medially.
Character 5. Frontals, longitudinal ridge: 0, absent; 1, present.
Character 6, Frontals, longitudinal ridge, width in specimens larger than 45 mm SL: 0,
narrow, width shorter than suborbital groove wall; 1, wide, width wider than suborbital
groove.
GWC[9, 11, and 12]: pectoral pore in the pectoral-fin axil.
Several species of Batrachoidiformes have a pore in the pectoral-fin axil that is
internally associated with a saccular organ. The position of this pore along the pectoral axil
can vary across the diversity of Batrachoidiformes, being either positioned in the middle
(GWC9) or in the dorsal edge (GWC11). Greenfield et al. (2008) further noted that several
species of Halophryninae have a distinct opening in the dorsal edge of the pectoral axil,
describing it as a funnel-shaped pit (GWC12).
Despite the similarity of these pores, Greenfield et al. (2008) considered these
openings not homologous, creating three distinct characters without any justification.
However, we did not find any evidence that the pores are not potentially homologous (i.e.,
hypothesis of homology, Nixon and Carpenter, 2012; primary homology of Pinna, 1991). The
funnel-shaped pit appears to be an ontogenetic variation of some species that have the pore
positioned dorsally. This condition is observed particularly well developed in adults in which
there is associated glandular tissue developed along the axis as well. The dorsal pore of the
pectoral axil of small specimens of Colletteichthys, for instance, is similar to that observed in
Batrachomoeus. These genera were considered to have different axillary pits by Greenfield et
al. (2008). Therefore, by considering that all the axillary pores are potentially homologous
(hypothesis of homology), we have two morphological characters: the presence and absence
of a pore (neomorphic) and the topology of the pore (transformational):
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Character 187. Pectoral-fin axillary pore organ: 0, absent; 1, present.
Character 188. Pectoral-fin axillary pore organ, position: 0, in the dorsal edge of pectoral
axil; 1, in the middle of the depth of the pectoral axil.
GWC[13]: Ceratohyal (anterior) width of expanded end to depth of center of ceratohyal: 0,
equal; 1, greater.
This character was unmodified and is identified as Character 81 of this current study.
GWC[16]: Maxillary flange: 0, absent; 1, present.
This character was unmodified and was scored as Character 41 in this analysis.
GWC[17]: Maxilla bent and flange high and narrow at bend: 0, present; 1, absent.
The variation of this character as described by Greenfield et al. (2008) is complicated
and there are several issues in its construction, determination of its type (neomorphic or
transformational), and its interpretation. At its core, the character relates to the shape of the
maxilla. Features such as bending, the position of the flange, and the thickness at the bend are
all variables that should be part of the statement of the character (i.e., character states; Sereno
et al., 2007). Unless these features are evolutionarily linked, these are states of distinct
morphological characters: maxilla, shape: straight or bent; maxillary flange, topology: high or
low; maxilla, thickness: thin or robust. In addition to the need for this clarification, the
character was defined as neomorphic (i.e., with states of present or absent), though it is
actually part of a transformational series.
Finally, with this character Greenfield et al. (2008) were addressing the shape of the
maxilla of representatives of Thalassophryninae. The remarkable feature in the maxilla of this
subfamily is the pronounced triangular flange, which is two times deeper than the depth of
the maxilla. This pronounced flange results in the maxilla being slightly bent in relation to
other Batrachoidiformes. The phylogenetic signal is on the shape of the maxillary flange, and
not in the bend of the maxilla. Therefore, this character was rewritten as follows:
Character 42. Maxilla, posterodorsal flange, shape: 0, thin, semi-elliptical, flange depth less
than half of maxillary depth; 1, thick, triangular, flange depth two times the maxillary depth.
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GWC[18]: Anterior pointing hook at distal end of maxilla: 0, absent; 1, present.
Most species of Batrachoidiformes have a ventral process on the posteroventral edge
of the maxilla. The “pointing hook” is one of the conditions observed for the shape of this
process. Across batrachoid diversity, the shape of the posteroventral process of the maxilla
has three states: semi-circular, rectangular, or triangular (=pointing hook). The relative depth
of this process varies as well, being either 1.5-2 times or 2.5-3 times deeper than the anterior
depth of maxilla. Therefore, the reassessment of this character led to three characters:
Character 43, Maxilla, posteroventral edge: 0, straight, continuous; 1, projecting ventrally,
forming a process.
Character 44. Maxilla, posteroventral process, shape: 0, semicircular; 1, rectangular; 2,
triangular.
Character 45. Maxilla, posteroventral process, relative depth: 0, 1.5-2 times maxillary depth;
1, 2.5-3 times maxillary depth.
GWC[20]: shape of postmaxillary process on premaxilla: 0, short, rounded, symmetrical;
1, short, rounded, but not symmetrical; 2, pointed
The construction of this character is problematic because states one and zero a not
mutually exclusive, with both having short and rounded in their description. The difference
between them is in the symmetry of the shape of the process, which is a different attribute of
this feature (i.e., a distinct character). Further, character state two is comparable only to
“rounded” as it does not have any attribute related to size.
For all batrachoidiform taxa, the specimens examined here all have an asymmetrical
postmaxillary process of the premaxilla to some degree. Also, beyond the shape (i.e., round,
pointed), as proposed by Greenfield et al (2008), the depth of this process varies from about
1.5-2 times or 2.5-3 times the premaxillary depth. With this reinterpretation, GWC[20] was
recast as the following two characters:
Character 38. Premaxilla, postmaxillary process, shape of posterior margin: 0, rounded; 1,
semi-elliptical; 2, pointed, triangular.
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Character 39. Premaxilla, postmaxillary process, depth: 0, about 1.5 times premaxillary
depth; 1, 2.5-3 times premaxillary depth.
GWC[21] Ascending process of premaxilla into premaxillary length: 0, longer than
premaxilla (0.7-0.9); 1, equal or slightly longer (1.0-1.1); 2, medium (1.2-1.3); 3, short
(1.4-2.1); 4, very short (4.0).
In order to reduce the assignment of an arbitrary range of variation to a state of
character, the number of states was reduced to having the ascending process of premaxilla
shorter, equal, or longer than the alveolar (i.e., toothed) process of the premaxilla.
Character 37, Premaxilla, ascending process, relative length: 0, as long as the alveolar
process of the premaxilla; 1, about half the length of the alveolar process of the premaxilla; 2,
1.5-2 times longer than the alveolar process of the premaxilla
GWC[24]: Shape of articular head of maxilla: 0, rounded; 1, no gap between anterolateral
and anteromedial processes (rami); 2, anterolateral process long and pointed; and 3, a gap
between the anterolateral and anteromedial processes (rami).
The construction of this character has several problems in the description of its states
(i.e., variables of Sereno, 2007). The first issue is that the states are not mutually exclusive.
For example, the only condition that can be compared to state zero (rounded) is state two
(pointed; assuming that the rounded attribute described for state zero referred to the
anterolateral ramus). Character states one and three refer to a different character, the presence
or absence of a gap between the anterolateral and anteromedial rami.
Study of batrachoid morphology in this study, however, did not find the variation
described by Greenfield et al. (2008). The shape of the articular head of the maxilla is
morphologically constant across toadfish diversity. The anterolateral ramus of the maxilla is
pointed and continuous with the rest of the body of the maxilla. From the medial surface of
the anterolateral ramus, a wide concave projection extends medially, forming the
posterodorsal medial ramus. The anteromedial ramus extends anteriorly from the ventral
margin of the posterodorsal medial ramus, forming a rectangular lamina that usually
articulates with the articular process of the premaxilla. The only variation observed in the
articular head of the maxilla was in the shape of the anterior margin of the anteromedial
ramus:
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Character 40. Maxilla, anterior margin of antero-medial ramus, shape: 0, straight, vertically
oriented; 1, pointed.

GWC[25]: Pelvic bone – foramina in median process: 0, absent; 1, present.
The presence of a foramen in the medial lamina (= medial process of Greenfield et al.,
2008) of the basipterygium is linked to the shape of its medial margin. In most species of
Halophryninae, the medial margin of the basipterygium is deeply concave, forming an
anteromedial process in medial lamina of the basipterygium that surrounds the medial
foramina. However, as written, this character describes aspects of both the process and the
foramina. This lack of independence between the presence of the medial foramina of the
basipterygium and the shape of its medial margin, in addition to the phylogenetic information
recognized in the different shapes of the medial margin of basipterygium across diversity of
Batrachoidiformes, led to reconstructing this character with the variable being the shape of
the medial margin of the basipterygium rather than the presence of the formaina.
Character 175, Basipterygium, medial lamina, shape: 0, medial margin convex and
continuous, projecting posteromedially; 1, medial margin deeply concave, forming a process.
GWC[26]: Pelvic bone–distance of anterior point of median process to its joining place on
pelvic bone (= basipterygium) divided into pelvic-bone length: 0, none, connected entire
length; 1, short (5.2-10.8); 2, medium (3.1-5); 3, long (2.1-2.9).
The distance defined as this character represents the position of the origin of the
margin of the medial lamina of the basipterygium. The present study recognized two discrete
locations at which the origin of this margin occurs: on the anteromedial edge (state zero of
GWC[26]) or in the middle of the medial surface of the basipterygium. The range of variation
described for the character states are a morphocline, and are related to individual and
ontogenetic variation, these authors do demonstrate that the origin of the medial margin is not
on the anteromedial edge of the basipterygium. Therefore, this character is reconstructed as
following:
Character 178. Basipterygium, medial margin, origin: 0, in the middle of medial surface of
basipterygium; 1, at the antero-medial edge of basipterygium.
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GWC[27]: Pelvic bone-length of median process divided into pelvic-bone length: 0, long
(1.1); 1, 1.2; 2, 1.3; 3, 1.4; 4, 1.5; 5, 1.6; 6, 1.7; 7, short (1.9 or >).
As evidenced in Character 175, state 1, the medial lamina of the basipterygium can be
deeply concave, forming a triangular medial process. The length of the median process is
variable GWC[27] addresses this variation, but their states show a morphocline without clear
intervals. This study recognized two discrete conditions:
Character 177. Basipterygium, medial process, relative length: 0, short, not contacting its
antimere; 1, long, with anterior tips contacting their antimeres.
GWC[28]: Hyomandibula: 0, not rounded; 1, rounded.
The definition of a “rounded hyomandibula” offered by Greenfield et al. (2008: fig.
68A) and exemplified by Daector reticulata was simplistic. The hyomandibula of D.
reticulata is similar to those of other Batrachoidiformes except that it has extended laminar
expansions between the ventral and opercular processes and the articular heads, and the
ventral edge of hyomandibula is at same level of the opercular process. In most
Batrachoidiformes the ventral edge of hyomandibula is ventral to the opercular process.
Further, this study reveals an additional variation within the so-called rounded hyomandibula.
In Halophryne, the ventral edge of the hyomandibula is anteroventrally oriented, being
vertically aligned to the anterior articular head of the hyomandibula. In other
Batrachoidiformes, the ventral edge of hyomandibula is posteriorly located between the
anterior and posterior articulatory heads.
Therefore, examination of the hyomandibula led the recognition of two characters:
Character 68. Hyomandibula, cartilaginous ventral edge, relative position: 0, aligned between
anterior and posterior dorsal articulatory heads; 1, aligned with the anterior edge of the
anterior articulatory head.
Character 69. Hyomandibula, opercular process, relative position to cartilaginous ventral
edge: 0, opercular process positioned dorsal to ventral edge, approximately at the middle of
the hyomandibula; 1, opercular process positioned at the level of the ventral edge of
hyomandibula.
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GWC[31]: Angular – shape of distal end: 0, slant posterior, about 65 degrees – bump and
cup present; 1, slant posterior, about 80-82 degrees – bump present; 2, slant posterior,
about 65 degrees – bump rounded; 3, straight up no bump or cup; 4, rounded and
symmetrical; 5, straight up – small bump sticks out; 6, slants forward 98-103 degrees; 7,
slants more forward, 109-112 degrees, deep cup.
Greenfield et al. (2008) misinterpreted the distal (i.e., posterior) end of the lower jaw
as part of the anguloarticular bone, when in fact this region is formed by a distinct
retroarticular. This character was poorly constructed, having states of character being not
mutually exclusive (e.g., 4, rounded and symmetrical; 5, straight up, small bump sticks out),
mixing the orientation of the margin and its shape.
The shape and the precise angle of the posterior margin of the lower jaw varies
greatly at the individual level within Batrachoidiformes, but its overall orientation apparently
varies ontogenetically. Instead of using arbitrary ranges of degrees for assigning characters,
we reduced this variation to three states (vertical, anterodorsal, posterodorsal).
Character 67, Retroarticular, posterior margin, orientation: 0, vertically oriented;
1, anterodorsally projected; 2, posterodorsally projected.
GWC[32]: Lower jaw-joint of dentary and articular–dorsal side: 0, dentary highest,
pointed and triangular – often gap; 1, dentary highest, but rounded; 2, about equal height
and rounded; 3, dentary only at high point, articular reduced, triangular; dentary highest,
and flat; 5, articular higher, and pointed.
The determination of the locator and its variable (i.e., parts that form the character;
Sereno, 2007) for this character is imprecise. Early development of Porichthys notatus
demonstrated that angular and articular first appear as independent structures that fuse during
ontogeny; it is not possible to distinguish these bones in juveniles and adults. The correct
anatomical term is anguloarticular bone, instead of just the articular. However, the region of
variation (i.e., locator) is not the jaw joint, but the coronoid process of the lower jaw. This
process can be formed by both dentary and anguloarticular bones, or only by the dentary.
This character was constructed with six states, and their delimitation by Greenfield et
al. (2008) has several issues. States zero to two exemplify this problematic: 0, dentary
highest, pointed and angular–often gap; 1, dentary highest, but rounded; and 2, about equal
height and rounded. However, these states are not independent. States zero and one are
redundant by repeating “dentary highest” and states one and two are redundant by repeating
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“rounded”. Further, these are not mutually exclusive conditions, in that “rounded” is not a
distinct condition for “highest.” Based on this construction, there are two characters:
topology of the dentary (high, equal, low) and shape (pointed, rounded). Similar issues occur
in the remaining states.
In the specimens examined in this study, the shape of the coronoid process is mostly
triangular with a rounded dorsal point. Despite some variation observed, there are no clear
distinctions that could be assigned to character states. The relative topology of the dentary is
similarly constant. The topological variation described by Greenfield et al. (2008) actually
refers to a distinct feature: the extent of dentary and anguloarticular forming the coronoid
process. Four distinct conditions are observed:
Character 64. Coronoid process of lower jaw, composition: 0, anterior half formed by
dentary, posterior half by anguloarticular; 1, anterior two-thirds formed by dentary, posterior
third by angulo-articular; 2, dentary forming the entire coronoid process; 3, anterior third
formed by the dentary, posterior two-thirds by angulo-articular.
The flat condition of the dentary described by Greenfield et al. (2008; GWC32[4])
reflected a different feature: the relative angle between anterior and posterior margins of the
coronoid process. Two mutually exclusive conditions were found:
Character 65. Coronoid process of lower jaw, angle of anterior and posterior margins: 0,
anterior and posterior margins with similar angles; 1, Anterior margin with a smaller angle
relative to that of the posterior margin; 2, anterior margin with highest angle in relation to the
angle of the posterior margin.
GWC[34]: Extent of endopterygoid onto quadrate: 0, extends well up onto or past
quadrate; 1, does not extend onto quadrate.
This character was kept almost unchanged (Character 55, Endopterygoid, length).
However, Greenfield et al. (2008) did not find that the endopterygoid is absent in several
taxa. For instance, in their figure 71B, used to illustrate their state of character one, the
structure labeled as endopterygoid actually refers to the dorsal part of the ectopterygoid.
Therefore, a new character for the presence and absence of the endopterygoid was added.
Character 53. Endopterygoid: 0, present; 1, absent.
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Character 55. Endopterygoid, length: 0, as long as ectopterygoid; 1, one-half to two-thirds the
length of ectopterygoid.
GWC[35]: Ectopterygoid attachment to quadrate: 0, full anterior faced attached; 1, top
notch on anterior face only.
This character was only rewritten to more precisely describe the articulation, using the
terminology of Holcroft and Wiley (2015).
Character 58. Ectopterygoid, articulation with quadrate: 0, sagittal contact, forming a laminar
suture; 1, frontal contact, loosely associated with the quadrate.
GWC[36]: Quadrate shape: 0, flat on top all the way across where it meets metapterygoid;
1, part flat at top, but is triangular shaped; 2, top rounded, fan-like shaped.
The feature that carries phylogenetic variation in this character is the shape of the
dorsal margin of the quadrate. The present analysis did not find discrete differences between
character states zero and one. Therefore, the resulting character has only two character states:
Character 60. Quadrate, dorsal margin, shape: 0, angular, forming an obtuse angle; 1, semicircular.
GWC[37]: Flange on anterodorsal face of metapterygoid: 0, absent; 1, present.
Greenfield et al. (2008: fig. 72) considered that a flange is present only when there is
a laminar connection between the ventral region to the anterodorsal edge of the
metapterygoid. Several taxa lack a trapezoidal anterodorsal projection, resulting in a
triangular metapterygoid. When the process is present, the anterodorsal edge is part of the
flange described by Greenfield et al. (2008). Additionally, the extent of the flange is highly
variable at individual levels. The shape of the anterodorsal region of the metapterygoid,
however, bears phylogenetic information. This character was rewritten as follows:
Character 61. Metapterygoid, dorsal edge, shape: 0, triangular, without any projections; 1,
trapezoidal, with an anterodorsal projection (=flange).
GWC[39]: Number of subopercular filaments: 0, absent; 1, one; 2, two; 3, three.
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All specimens of Batrachoidiformes examined were found to have only two
subopercular filaments. In some individuals one of the filaments was branched posteriorly,
but in those cases the base of the filament had a single origin.
The character state “absent” represents a neomorphic type of character, and not a part
of a transformational series. Therefore, this character from Greenfield et al (2008) was
divided into two characters:
Character 72. Subopercular filament: 0, absent; 1, present.
Character 73. Subopercular filament, number: 0, one filament; 1, two filaments; 2, three or
more filaments.
GWC[40]: Opercular spine number: 0, two; 1, one.
This character was kept in this analysis with the same construction as presented in
Greenfield et al. (2008) as Character 75. We also included an additional character (Character
74) that addresses the shape of the posterior margin of the opercle (see comments in section
3.3).
GWC 41]: Width into length of urohyal: 0, long 1.1 or >; 1, short 1.0 or <
The urohyal of Batrachoidiformes is T-shaped and the relative length of the lateral
and posterior projections varies across diversity. To better account for this variation we
described this character as the relative length between lateral and posterior projections.
Character 88. Urohyal, ratio of lateral and posterior projections: 0, lateral and posterior
projections with similar length; 1, lateral projections approximately half the length of
posterior projection; 2, lateral projections two times longer than posterior projection.
GWC[42]: Hypobranchial 3, number of heads: 0, two heads; 1, one head.
As described by Greenfield et al. (2008) this character is problematic. Their definition
of “heads” in this character refers to the cartilaginous core across being continuous or
discontinuous across the posterior margin of hypobranchial three (mislabeled as anterior in
their figures). Therefore, this character was reconstructed with a more precise terminology:
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Character 118. Hypobranchial 3, posterior margin, cartilaginous core: 0, continuous; 1,
discontinuous.
GWC[43]: Hypobranchial 3, shape of anterior end: 0, square; 1, rounded; 2, narrow point;
3, wide point; 4, reduced different from preceding.
Some character states described by Greenfield et al. (2008) are problematic because
they are not comparable or mutually exclusive. For example, “square” and “rounded” are not
directly comparable to “narrow point” or “wide point.” Further, a narrow anterior end also
could be square, and needs to be reconsidered. However, the shape of hypobranchial 3 is
variable and bears phylogenetic information and here this variation is captured in three
distinct characters:
Character 115. Hypobranchial 3, shape: 0, triangular; 1, rod-shaped.
Character 116. Hypobranchial 3, posterior margin, shape: 0, convex; 1, concave; 2, straight.
Character 119. Hypobranchial 3, ratio length by width: 0, wider than long; 1, longer than
wide
GWC[44]: Hypobranchial 1, shape of narrower anterior end: 0, flat; 1, spine.
Greenfield et al. (2008) labeled the ventral process of hypobranchial one as a spine.
The presence of this process, which provides an additional area of attachment for the
infrabranchial muscle rectus communis, is variable and bears phylogenetic information.
Therefore, this character was reconstructed as a neomorphic character:
Character 114. Hypobranchial 1, ventral process: 0, present; 1, absent.
GWC[45]: Epibranchial 1, length of uncinate process compared to length of proximal end
of epibranchial: 0, distal end of epibranchial longer than uncinate process; 1, both
symmetrical; 2, uncinate process twice as long as distal end of epibranchial; 3, same as 2,
but with no bump-like expansion on medial side of epibranchial; 4, distal end of
epibranchial very short and directed towards pharyngobranchial II, and uncinate long and
straight; 6, distal end of epibranchial pointed towards ceratobranchials, and uncinate long
and straight.
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Several character states described by Greenfield et al. (2008) are not mutually
exclusive and have redundant coding (e.g., GWC45[3] was described as the same as two but
with no bump-like expansion). In this region, four independent morphological characters
were identified that cover the diversity described in the character states of GWC[45].
Character 90. Epibranchial one, uncinate process, relative size: 0, length of uncinate process
equal to anterior half of epibranchial one; 1, length of uncinate process shorter than anterior
half of epibranchial one; 2, length of uncinate process longer than anterior half of
epibranchial one.
Character 91. Epibranchial one, uncinate process: 0, associated to pharyngobranchial two; 1,
dissociated from pharyngobranchial two.
Character 92. Epibranchial one, ossification of the anterior half (=proximal end of Greenfield
et al., 2008): 0, continuous with the posterior region; 1, discontinuous, anterior tip connected
by connective tissue to the posterior region.
Character 93. Epibranchial one, anterior half, orientation: 0, ventromedially oriented; 1,
ventrally oriented; 2, medially oriented.
GWC[46]: Sphenotic shape on side of skull: 0, cut in towards center of skull; 1, straight
and flat.
In examining the morphology of this region of the neurocranium we interpreted this
character to refer to the shape of the anterolateral edge of the autosphenotic. The anterolateral
edge of the autosphenotic forms a projection that varies from anterolaterally (=cut in towards
center of skull of Greenfield et al., 2008) to anteriorly directed (= straight and flat).
Therefore, this character was redefined with this anatomical terminology.
Character 27. Autosphenotic, antero-dorsal process, direction: 0, anteriorly directed; 1,
antero-laterally directed; 2, laterally directed.
GWC[50]: Caudal fin, shape of parhypural: 0, anteroventral surface flat against neural
spine for short distance and then up posteriorly abruptely; 1, anteroventral surface broad,
gentle, concave curve; 2, anteroventral surface broad, gentle, convey curve up to anterior
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bend; 3, anteroventral surface gently concave with double points at bend; 4, anteroventral
surface short and rounded with a single spine, parhypural very narrow; 5, anteroventral
surface straight to slightly concave, parhypural very narrow, almost missing; 6,
anteroventral surface with radiating spines.
The parhypural of Batrachoidiformes is fused to the ventral hypural in early stages of
development and its ventral margin, the parhypural flange, is highly variable intraspecifically
(Vaz and Hilton, 2020). In addition to issues of the construction of this character (e.g., lack of
mutual exclusive conditions), most character states described by Greenfield et al. (2008)
actually represent individual variations. Based on Vaz and Hilton (2020; Chapter 1), the
variation observed in the parhypural renders the following characters:
Character 133. Parhypural flange, shape: 0, straight, continuous; 1, bearing spine-like
projections.
Character 138. Articular edge of parhypural flange, shape: 0, angular; 1, acute.
3.2 Characters from Greenfield et al. (2008) removed from present analysis
Characters listed in this section were found to not be distinct enough to be reliably
scored based on our observations of specimens. This is due to cases of subtle variation
between character states, continuity between character states (e.g., character states
representing a morphocline), or ontogenetic or intraspecific variation. For these reasons,
described below, these characters were removed from this phylogenetic analysis.
GWC[14]: Ceratohyal (anterior) at lower joint with epihyal (posterior ceratohyal): 0,
square; 1, round.
Based on our observations, the variation described by Greenfield et al. (2008) is very
subtle and not distinct enough to characterize it into discrete character states. Additionally,
the posteroventral edge of the anterior ceratohyal presents ontogenetic and individual
variation. Small specimens of Halophryne diemensis and H. occellatus have a rounded
posteroventral edge of the anterior ceratohyal, whereas in large specimens it has a more
squared outline, although it still has a rounded edge (H. diemensis was scored as square in
Greenfield et al, 2008). Similar observations were also found in Opsanus tau. Because we
could not reliably replicate Greenfield et al.’s (2008) scoring, this character was not kept in
this current analysis.
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GWC[15]: Ceratohyal depth – depth into length of ceratohyal: 0, 2,7; 1, 5.3-6.4; 2, 6.8-7.9;
3, 8.0-8.9; 4, 9.2-9.8; 5, 10.6-11.9; 6, 13.7-15.8.
The variation observed in this character apparently reflects a morphocline. The range
of variation assigned to each state of character within Batrachoidiformes and the outgroups
examined by Greenfield et al. (2008) are very close, with the range assigned to one state
being higher than the range between characters, with the only exceptions being states zero
and six. Without a morphometric study of this character that assess individual and
ontogenetic variation, the ranges of variation assigned to states of character are considered
arbitrary and for this reason, this character was excluded from the current analysis.
GWC[19]: Length of premaxilla into length of maxilla: 0, very short (2.4-2.7); 1, short
(2.0-2.1); 2, medium (1.5-1.9); 3, long (1.2-1.4).
As for ceratohyal depth (GWC15), there is a morphocline of this character that lacks
clear intervals that could be assigned to character states. Therefore, this character was not
included in this analysis.
GWC[22]: Articular process of premaxilla: 0, base wider than height; 1, less than height.
Greenfield et al. (2008) defined the character states as having the base of this articular
process of the premaxilla as wider than the height vs. less than height. However, this was not
clearly observed across the diversity of Batrachoidiformes. In all examined species the height
of this process was seen to be longer than its base. However, there was some intraspecific
variation observed in relative proportions of this process across diversity of
Batrachoidiformes. Therefore, without an extensive morphometric study, the definition and
assignment character states would be arbitrary. Therefore, this character was not retained in
this present analysis.
GWC[23]: Ascending process of premaxilla, width into length: 0, short and fat – 2.3; 1,
medium width, 4.5; 2, slender, 6 and greater.
The variation of the ascending process described in this character was not observed in
the present study. Greenfield et al. (2008) also found little variation in this character, with all
taxa (both Batrachoidiformes and outgroups) scored for state 2 with the exception of
Potamobatrachus (state 1), Draconetta (state 1), and Raniceps (state 0). Our examination of
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Potamobatrachus suggests that this species is similar to other batrachoids. Therefore, this
character was removed from this analysis.
GWC[29]: Hyomandibula, angle of anterior articular head: 0, anterior articular head
angled up from a straight line across from opercular process; 1, anterior articular head in
a straight line across from the opercular process; and Character [30]: Hyomandibula,
lower process: 0, square; 1, round.
The variations described for GWC29 and GWC30 were not observed in the examined
material. The subtle variations that could correspond to those states are interpreted as
individual variation. Therefore, these characters were removed from this phylogenetic
analysis.
GWC[33]: Dentary shape: 0, bent down with no tip; 1, sharp bend down with obvious tip
down at the end; 2, straight with obvious tip at the end; 3, straight, no tip at the end; 4,
curved up.
The variation in the shape of the dentary that was described by Greenfield et al.
(2008) was not found in this study. Additionally, the “tip down” described for states 1 and 2
represents the ventral expansion that the dentary has at the symphysis and is present at some
extent in all species.
GWC[38]: Shape of dorsal end of metapterygoid: 0, single head, straight up, no hook or
bend; 1, double head straight up; 2, narrow club-shaped with slight anterior bend; 3, sharp
angle anteriorly and narrow; 4, narrow sharp sickle-shaped point – anterior; 5, small,
broad anterior hook; 6, anterior curve, multi points.
The anterodorsal edge of the metapterygoid is highly variable individually and
ontogenetically, and therefore its shape does not carry phylogenetic information. However, as
discussed in the previous section for GWC[37], the shape of the dorsal region of the
metaptergygoid is informative by being triangular or trapezoidal.
GWC[47], [48], and [49]: Skull morphometrics.
As described for other morphometric characters used by Greenfield et al. (2008), the
ranges assigned to each state in GWC[47] and GWC[47] are slight, without clear gaps
between states; these need to be clarified by a focused morphometric analysis. In GWC[49]
(length of skull anterior to sphenotic compared to length posterior to sphenotic), Greenfield et
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al (2008) used comparative measurements of the neurocranium instead of ranges of variation,
similar to the approach used in some of our characters to reduce errors. Our reassessment of
this character, however, demonstrated that the variation is very subtle across taxa and does
not allow a clear distinction between character states.
3.3 Morphological characters used in analysis
The following list of morphological characters used in the phylogenetic analysis is
organized by anatomical regions. The numbering of characters starts at zero to match the
particularities of the software TNT. The data matrix is provided in Appendix 1.
Neurocranium (Figs. 1-9)
Character 0. Vomer, anterior margin, shape: 0, convex medially; 1, concave medially.
Character 1. Vomer, posteroventral margin, shape: 0, deeply concave, width posterior to teeth
slightly wider than where it meets the parasphenoid; 1, straight to slightly concave, width
posterior to teeth twice the width where it meets the parasphenoid.
Character 2. Vomer, posteroventral edge, relative position: 0, extending past the
posteroventral margin of lateral ethmoid for at least a third of its length; 1, not extending past
the posteroventral margin of lateral ethmoid.
Character 3. Mesethmoid: 0, present; 1, absent.
Character 4. Frontals, antimeres: 0, separated medially; 1, fused medially.
Character 5. Frontals, longitudinal ridge: 0, absent; 1, present.
Character 6, Frontals, longitudinal ridge, width in specimens larger than 45 mm SL: 0,
narrow, width shorter than suborbital groove wall; 1, wide, width wider than suborbital
groove.
The observed character states are illustrated in Figure 9. The width of the longitudinal
ridge of the frontal presents ontogenetic variation, acquiring its final conformation only in
large juveniles and adults. The use of a specific size in the character statement instead of just
the term “juveniles and adults” is because individuals that are recently detached from their
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nest (c. 25 mm SL) do not yet have a distinct ridge. We do not restrict the statement only to
adults because of the lack of biological information for most species and that we know that in
some taxa this ridge is already present in juveniles. All specimens larger than 45 mm SL that
have this state, no matter which species, had a distinct longitudinal ridge on the frontals. We
acknowledge that species with a ridge reach final form of the ridge at different sizes. We also
recognize that our taxonomic sample is incomplete and it is possible that, for example,
Sanopus (a species that can reach up to 350 mm SL), the final form of the frontal longitudinal
ridge may be reached at a larger size, as the smallest specimen available having this ridge for
this genus was approximately 90 mm SL. Nevertheless, the shape of the longitudinal ridge is
informative.
Character 7. Frontal, surface of the lateral margin posterior to the supraorbital groove: 0,
continuous flat surface; 1, pierced by a large fenestra.
Character 8. Frontal, origin of the lateral margin posterior to the supraorbital groove: 0, in the
lateral extremity of the supraorbital groove; 1, between medial margin of frontals and the
lateral edge of supraorbital groove.
Character 9. Supraorbital groove, antero-medial wall: 0, antimeres completely separated; 1,
antimeres fused medially.
Character 10. Supraorbital groove, medial margin, fused posterior region, shape: 0, antimeres
fused only in their posterior edges; 1, antimeres forming a fused posterior median wall.
Character 11. Frontals, ventral process: 0, absent; 1, present.
All species of Batrachoidiformes have a triangular or trapezoidal process that projects
from the ventral surface of frontals across the orbital region, extending to contact the dorsal
surface of the basisphenoid. In the examined outgroups, this process was observed only in
Ophidion grayi (Ophidiiformes).
Character 12. Frontals, ventral process, anterior margin, origin: 0, separated (spaced), without
contact with the lateral ethmoid; 1, adjacent, anterior margin contacting the lateral ethmoid
(no space between lateral ethmoid and ventral process of frontals).
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Character 13. Basisphenoid, antero-dorsal margin, contact with frontal: 0, contacting the
ventral process of frontals; 1, contacting the ventral surface of frontals.
Character 14. Basisphenoid, shape: 0, trapezoidal, with a distinct straight dorsal margin; 1,
triangular, without a dorsal straight margin.
Character 15, Basisphenoid, antero-dorsal edge, shape: 0, angular, not extending anterior than
the anterior margin; 1, semi-circular, with a rounded projection extending anteriorly.
Character 16. Basisphenoid, posterodorsal edge, relative position: 0, antero-dorsal edge
dorsally positioned in relation to posterodorsal edge; 1, anterodorsal and posterodorsal edges
positioned in the same level; 2, antero-dorsal edge ventrally positioned in relation to the
posterodorsal edge.
Character 17. Basisphenoid, relative size: 0, small, restricted to the posterior region of the
orbits, adjacent to the anterior wall of prootic; 1, large, extending anteriorly more than half of
the length of the orbital region.
The basisphenoid of Batrachoidiformes is distinct in that it extends anteriorly across
the orbital region. In the examined outgroups, this bone is restricted to the posterior region of
the orbit and does not extend anteriorly.
Character 18. Parasphenoid, anterodorsal margin, shape: 0, mostly straight, extending ventral
to the base of basisphenoid; 1, posterodorsally projected, extending over the basal half of the
basisphenoid.
Character 19. Parasphenoid, posterodorsal region: 0, separated from basisphenoid; 1, partially
fused with the posterior region of the basisphenoid.
Character 20. Parasphenoid, ascending process, shape: 0, rectangular, similar width across its
length; 1, club-shaped, with dorsal portion wider than its base; 2, thread-like shaped, with its
dorsal tip thinner than its base.
Character 21. Parasphenoid, ascending process, contact: 0, posteriorly contacting only the
anterior wall of prootic; 1, contacting pterosphenoid and prootic.
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Character 22. Parasphenoid, ascending process, dorsal margin, shape: 0, straight; 1, concave,
indented; 2, convex, dorsal projection.
Character 23. Pterosphenoid, shape, ratio depth by length: 0, depth as long as length; 1, depth
less than 2/3 of its length; 2, depth longer than length.
Character 24. Pterosphenoid, posterior margin, shape: 0, straight; 1, deeply concave, resulting
in hammer-like shape pterosphenotic.
Character 25.	
  Autosphenotic, dorsomedial margin, orientation: 0, anterolaterally directed,
extending towards the anterodorsal process; 1, anteriorly directed, with a sharp lateral turn
close to the supraorbital groove.
Character 26. Autosphenotic, antero-dorsal process, shape: 0, angular, triangular-shaped; 1,
rounded.
Character 27. Autosphenotic, antero-dorsal process, direction: 0, anteriorly directed; 1,
antero-laterally directed; 2, laterally directed.
Character 28. Autosphenotic, anterodorsal process, cover by supraorbital groove (in
specimens larger than 45 mm SL): 0, extending anteriorly beyond the lateral edge of
supraorbital groove; 1, not extending beyond lateral edge of supraorbital groove, visible only
in ventral view.
Character 29. Autosphenotic, longitudinal ridge: 0, absent; 1, present.
The autosphenotic of Riekertia and Barchatus have a distinct longitudinal ridge over
its dorsal surface. The ridge originates on the posterior wall of the supraorbital groove,
extends through the medial margin of the autosphenotic, and posteriorly joins the ridge of the
pterotic. No other species of Batrachoidiformes have this feature (Fig. 6A).
Character 30. Prootic, lateral surface, relative depth between dorsal and ventral regions to the
fascialis foramen: 0, depth ventral to fascialis foramen longer than depth dorsal to the
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foramen; 1, depth ventral to fascialis foramen approximately equal to depth dorsal to the
foramen.
In this character, the ventral depth is the distance from the ventral margin of the
fascialis foramen to the ventral margin of the prootic, and the dorsal depth is the distance
from the ventral margin of the fascialis foramen to the dorsal margin of the prootic.
Character 31. Neurocranium width at autosphenotic divided by interorbital width:
The width of the neurocranium at the autosphenotic and the interorbital width are
highly variable across Batrachoidiformes (Greenfield et al., 2008; GWC [47]); the
morphology of this region could be phylogenetically informative. The version of TNT used
here allows the inclusion of morphometric and meristic characters in the matrix without
having to convert them into categorical characters, so that the character states do not include
arbitrary intervals. The matrix, however, needs to be adjusted in order to be able to read them
properly. Although this character was measured, given time constraints this character is not
included in the present analysis.
Character 32. Parietals: 0, present; 1, absent.
Character 33. Intercalar: 0, present; 1, absent.
Character 34. Epioccipital, tridimensional arrangement: 0, pyramidal or conical; 1, flat.
Character 35. Epioccipital, shape: 0, rectangular, with medial margin having similar length as
the lateral margin; 1, triangular, with medial margin having shorter length than the lateral
margin.
Character 36. Supraoccipital ridge, relative width: 0, slender, width smaller than the wall of
supraorbital groove; 1, thick, width equal or wider than the wall of supraorbital groove.
Jaws, Hyopalalatine Arch, and Opercular Series (Figs. 10-15)
Character 37, Premaxilla, ascending process, relative length: 0, as long as the alveolar
process of the premaxilla; 1, about half the length of the alveolar process of the premaxilla; 2,
1.5-2 times longer than the alveolar process of the premaxilla.
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Character 38. Premaxilla, postmaxillary process, shape of posterior margin: 0, rounded; 1,
semi-elliptical; 2, pointed, triangular.
Character 39. Premaxilla, postmaxillary process, depth: 0, about 1.5 times premaxilary
depth; 1, 2.5-3 times premaxillary depth.
Character 40. Maxilla, anterior margin of antero-medial ramus, shape: 0, straight, vertically
oriented; 1, pointed.
Character 41. Maxilla, posterodorsal flange: 0, absent; 1, present.
Character 42. Maxilla, posterodorsal flange, shape: 0, thin, semi-elliptical, flange depth less
than half of maxillary depth; 1, thick, triangular, flange depth two times the maxillary depth.
Character 43, Maxilla, posteroventral edge: 0, straight, continuous; 1, projecting ventrally,
forming a process.
Character 44. Maxilla, posteroventral process, shape: 0, semicircular; 1, rectangular; 2,
triangular.
Character 45. Maxilla, posteroventral process, relative depth: 0, 1.5-2 times maxillary depth;
1, 2.5-3 times maxillary depth.
Character 46. Palatine, anterodorsal process: 0, absent; 1, present.
Character 47. Palatine, dorsolateral articular process with lateral ethmoid: 0, absent; 1,
present.
The anterodorsal process of the palatine is the primary articulation site for contact
between the palatine and the lateral ethmoid in Batrachoidiformes. In several species (e.g.,
Opsanus tau, Halophryne diemensis), this articulation is made entirely through sagittal
contact between the lateral surface of the anterodorsal process of palatine and the lateral
ethmoid. In several other species (e.g., Triathalassothia argentina, Batrichthys apiatus), there
is an additional process that projects laterally from the base of the anterodorsal process, and
which serves as a second articulatory surface for contact with the lateral ethmoid.
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Character 48. Palatine, dorsolateral articular process, shape: 0, longitudinal ridge, its anterior
extremity projects dorsally to the level of the dorsal tip of the antero-dorsal process; 1, flat
projection, its anterior extremity extends only laterally to the level of the base of the
anterodorsal process.
The dorsolateral articular process of the palatine has two distinct conditions. The first
condition is to have a slender ridge that projects anterolaterally. The anterior tip of the ridge
projects dorsally to almost reach the level of the anterodorsal surface. This forms a concave
surface between the dorsolateral articular process and the anterodorsal processes that
embraces the ventral surface of the lateral ethmoid This condition is found in Allenbatrachus
and Thalassophryne. In the other condition the dorsolateral articular process is wide and
somewhat triangular. Its anterior extremity does not project dorsally and extends only
laterally to the level of the base of the anterodorsal process (found in Triathalassothia and
Batrichthys).
Character 49. Palatine, anterior edge, shape: 0, rounded; 1, angular; 2, straight.
Character 50.	
  Palatine, anterior edge, relative position to antero-dorsal process: 0, extending
anteriorly beyond the anterior margin of the antero-dorsal process of palatine; 1, not
extending beyond the anterior margin of the antero-dorsal process of palatine.
Character 51. Palatine-ectopterygoid articulation: 0, tightly connected, forming an
overlapping suture; 1, contacting loosely, forming a gap between palatine and ectopterygoid.
Character 52. Palatine, posterior margin, relative width: 0, width equal to palatine width
taken at the longitudinal middle of bone; 1, width 1.5 times longer than palatine width taken
at the longitudinal middle of the bone.
Character 53. Endopterygoid: 0, present; 1, absent.
Character 54. Endopterygoid, dorsal margin, shape: 0, straight; 1, irregular.
Character 55. Endopterygoid, length: 0, as long as ectopterygoid; 1, one-half to two-thirds the
length of ectopterygoid.
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Character 56. Endopterygoid, posterior margin, topology: 0, posteriorly contacting the
metapterygoid; 1, no contact with metapterygoid, extending posteriorly to the posterodorsal
edge of the ectopterygoid.
Character 57. Endopterygoid, contact with metapterygoid: 0, sagittal articulation, forming a
overlapping suture; 1, contacting loosely, frontally contacting the metapterygoid.
Character 58. Ectopterygoid, articulation with quadrate: 0, sagittal contact, forming a laminar
suture; 1, frontal contact, loosely associated with the quadrate.
Character 59. Ectopterygoid, shape: 0, posterior edge deeper than anterior edge; 1,
rectangular, with anterior and posterior edges having equal depths; 2, anterior edge deeper
than posterior edge.
Character 60. Quadrate, dorsal margin, shape: 0, angular, forming an obtuse angle; 1, semicircular.
Character 61. Metapterygoid, dorsal edge, shape: 0, triangular, without any projections; 1,
trapezoidal, with an anterodorsal projection (=flange).
Character 62. Rostral cartilage, antero-lateral margins: 0, entirely cartilaginous; 1,
perichondrally ossified.
Character 63. Coronomeckelian: 0, present; 1, absent.
Character 64. Coronoid process of lower jaw, composition: 0, anterior half formed by
dentary, posterior half by anguloarticular; 1, anterior two-thirds formed by dentary, posterior
third by angulo-articular; 2, dentary forming the entire coronoid process; 3, anterior third
formed by the dentary, posterior two-thirds by angulo-articular.
Character 65. Coronoid process of lower jaw, angle of anterior and posterior margins: 0,
anterior and posterior margins with similar angles; 1, Anterior margin with a smaller angle
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relative to that of the posterior margin; 2, anterior margin with highest angle in relation to the
angle of the posterior margin.
Character 66. Dentary, transversal tooth rows in the symphyseal region, number: 0, one row;
1, two rows; 2, five rows;
Character 67, Retroarticular, posterior margin, orientation: 0, vertically oriented;
1, anterodorsally projected; 2, posterodorsally projected.
Character 68. Hyomandibula, cartilaginous ventral edge, relative position: 0, aligned between
anterior and posterior dorsal articulatory heads; 1, aligned with the anterior edge of the
anterior articulatory head.
Character 69. Hyomandibula, opercular process, relative position to cartilaginous ventral
edge: 0, opercular process positioned dorsal to ventral edge, approximatelyat the middle of
the hyomandibula; 1, opercular process positioned at the level of the ventral edge of
hyomandibula.
Character 70. Subopercle, posterior margin: 0, continuous, spineless; 1, bearing one, two, or
three spines.
Character 71. Subopercular spines, number: 0, one spine; 1, two spines; 2, three spines.
Character 72. Subopercular filament: 0, absent; 1, present.
Character 73. Subopercular filament, number: 0, one filament; 1, two filaments; 2, three or
more filaments.
Character 74. Opercle, posterior margin: 0, convex with continuous margin; 1, deeply
concave, forming one or two spines.
Most teleostean fishes have a somewhat semi-circular posterior margin of the opercle
that is usually convex. In contrast, all Batrachoidiformes share the posterior margin of the
opercle being deeply convex with one or two opercular spines. This character was
constructed to address potential phylogenetic information at interordinal levels, as some
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outgroups, such as Ogilbia and Ophidion (Ophidiiformes) also have an opercle with a similar
shape to that of batrachoidiformes.
Character 75. Opercular spine, number: 0, one spine; 1, two spines.
Character 76. Opercular spine: 0, solid; 1, hollow.
Character 77. Interopercle, anterior margin, orientation: 0, postero-dorsally oriented;

1,

mostly vertically oriented.
Character 78. Interopercle, ratio length-by-depth: 0, length longer than interopecular depth; 1,
length shorter than interopercular depth.
Character 79. Preopercle, dorsal edge, relative position: 0, reaching the articulation between
opercle and hyomandibula; 1, reaching the dorsal edge of the subopercle.
Orbital Series
Character 80. Antorbital, ventrolateral region, shape: 0, rod-shaped, elongated, ossified canal;
1, triangular, ventrally expanded.
Ventral Hyoid Arch
Character 81. Anterior ceratohyal, expanded posterior region, relative width: 0, wider than
anterior depth of anterior ceratohyal; 1, width approximately equal to anterior depth of
anterior ceratohyal.
Character 82. Suture between anterior and posterior ceratohyal, degree of interdigitation: 0,
short, slightly reaching the anterior margin of the adjacent bone; 1, long, sutures extending
well beyond the margin of the adjacent element.
Character 83. Third branchiostegal ray, base, shape: 0, elliptical, similar to fourth
branchiostegal ray; 1, triangular.
Character 84. Ventral hypohyal, ventral margin: 0, continuous; 1, with postero-ventral
process.
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Character 85. Ventral hypohyal, posteroventral process, relative length: 0, small, reaching
only to the anterior margin of anterior ceratohyal, length less than one-third the length of
ventral hypohyal; 1, long, extending beyond the anterior margin of ceratohyal, length
approximately half the length of ventral hypohyal.
Character 86. Urohyal, orientation: 0, posteriorly projected; 1, vertically oriented.
Character 87. Urohyal, lateral projections: 0, absent; 1, present.
All examined species of Batrachoidiformes have distinct lateral projections on the
urohyal with projecting from its anterior edge, resulting in a T-shaped urohyal. When this
process is present, it articulates with the ventral process of hypobranchial one. The urohyal of
the examined outgroups do not bear any lateral projections on their anterior edges.
Character 88. Urohyal, ratio of lateral and posterior projections: 0, lateral and posterior
projections with similar length; 1, lateral projections approximately half the length of
posterior projection; 2, lateral projections two times longer than posterior projection.
Character 89. Urohyal, lateral projections, shape: 0, angular, elongated, similar to the
posterior projection; 1, spoon-shaped, wide, distinct from the posterior projection.
Gill Arches
Character 90. Epibranchial one, uncinate process, relative size: 0, length of uncinate process
equal to anterior half of epibranchial one; 1, length of uncinate process shorter than anterior
half of epibranchial one; 2, length of uncinate process longer than anterior half of
epibranchial one.
The anterior half of the first epibranchial is defined as the length from the anterior tip
that articulates with pharyngobranchial one to the base of the anterior uncinate process. The
anterior uncinate process of Batrachoidiformes is very pronounced and its length is variable
across taxa. In some species the anterior uncinate process is longer than one-half of total
length of the first epibranchial (e.g., Batrachomoeus trispinosus). The first epibranchial one
of Batrachoidiformes has another dorsal projection that is positioned posterior to the anterior
uncinate process, named here as posterior uncinate process.
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Character 91. Epibranchial one, uncinate process: 0, associated to pharyngobranchial two; 1,
dissociated from pharyngobranchial two.
The uncinate process of the first epibranchial in most Batrachoidiformes is associated
to the second pharyngobranchial either by direct contact or by an interarcual cartilage (e.g.,
Batrachomoeus). In Allenbatrachus and Halophryne, the first epibranchial one is relatively
smaller, about two-thirds the length of epibranchial two, having its uncinate process
completely dissociated from the pharyngobranchial two (Figs. 23, 24)
Character 92. Epibranchial one, ossification of the anterior half (=proximal end of Greenfield
et al., 2008): 0, continuous with the posterior region; 1, discontinuous, anterior tip connected
by connective tissue to the posterior region.
In most Batrachoidiformes, the epibranchial one is a continuous, ossified, and
elongated element, with a long uncinate process. In Colletteichthys and Bifax, the ossification
of the anterior region of the first epibranchial is discontinuous. The anterior region is ossified
only in its anterior tip, connecting to the posterior region of epibranchial one by an unossified
layer of connective tissue (apparently not cartilaginous).
Character 93. Epibranchial 1, anterior half, orientation: 0, ventromedially oriented; 1,
ventrally oriented; 2, medially oriented.
Character 94. Epibranchial one, anterior half, relative length: 0, longer than posterior
uncinate process; 1, equal or smaller than posterior uncinate process.
Character 95. Epibranchial one, tooth plate: 0, absent; 1, present.
Character 96. Epibranchial two, tooth plate: 0, absent; 1, present.
Character 97. Epibranchial three, tooth plate: 0, absent; 1, present.
Character 98. Epibranchial four, tooth plate: 0, absent; 1, present.
Character 99. Pharyngobranchial one: 0, present; 1, absent.
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Character 100. Pharyngobranchial one, lateral margin, shape: 0, straight; 1, with a distinct
bulge.
Character 101. Pharyngobranchial one, composition: 0, ossified; 1, cartilaginous.
Character 102. Pharyngobranchial one, relative length: 0, equal to the anterior uncinate
process of epibranchial one; 1, 1.5 times longer than the anterior uncinate process of
epibranchial one; 2, smaller than half of the anterior uncinate process of epibranchial one.
Character 103. Pharyngobranchial two, articulation with epibranchial one: 0, in the lateral
region of the cartilaginous core of the anterior margin of pharyngobranchial two; 1, in a
condyle distinct from the cartilaginous core of the anterior margin of pharyngobranchial two.
The articulation of pharyngobranchial two with the first epibranchial occurs along
anterior margin of the second pharyngobranchial. In several species (e.g., Opsanus), this is a
simple articulation that occurs on the lateral portion of the cartilaginous core that forms the
anterior margin of the second pharyngobranchial. In other taxa (e.g., Halobratrachus), there
is a distinct condyle located on the anterolateral edge of the anterior margin of
phrayngobranchial two that forms the articulation surface with the first epibranchial.
Character 104. Pharyngobranchial two, lateral condyle of articulation with epibranchial two:
0, present; 1, absent.
Most Batrachoidiformes have a distinct condyle on the lateral margin of
pharyngobranchial two that articulates with epibranchial two. This condyle, however, is
entirely lacking in Halophryne, resulting in the second pharyngobranchial having a deeply
concave lateral margin.
Character 105. Pharyngobranchial two, anteromedial region: 0, expanded anteriorly, with
medial edge aligned with the medial edge of upper tooth plate of pharyngobranchial two. 1,
reduced, with anterior margin forming a deep indent, with the medial edge positioned
laterally from the edge of upper tooth plate of pharyngobranchial two.
Character 106. Pharyngobranchial three, anterolateral condyle: 0, distinct, separated from the
cartilaginous core of the antero-medial margin of pharyngobranchial three; 1, indistinct,
continuous to the cartilaginous core of the anteromedial margin of pharyngobranchial three.
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The anterolateral condyle of pharyngobranchial three articulates with epibranchial
two. This condition is observed in most Batrachoidiformes. The exceptions are species of
Halophryne, in which the lateral region of the cartilaginous core of the anteromedial margin
contacts the second epibranchial.
Character 107. Pharyngobranchial three, anterior margin, shape: 0, concave; 1, straight to
slightly convex.
Character 108. Pharyngobranchial three, anterior margin, orientation: 0, projecting
anteromedially from the anterolateral condyle; 1, projecting medially from the anterolateral
condyle.
Character 109. Copula communis, anterior region, composition: 0, with ossified basibranchial
one; 1, entirely cartilaginous.
Character 110. Copula communis, middle region, composition: 0, with ossified basibranchial
two; 1, entirely cartilaginous.
Character 111. Copula communis, length: 0, extending from basihyal to the third gill arch; 1,
reduced, restricted to a small cartilage in the anterior region, ventral to the basihyal, and
another in the posterior region, ventral to compound hypobranchial four.
In most Batrachoidiformes, the middle region of the copula communis is either
formed by cartilage or by an ossified basibranchial two. Halophryne, however, is an
exception because species of this genus lack any element in that region. The copula
communis is restricted to a small cartilage anteriorly, ventral to the basihyal, and another
posteriorly, anteroventrally positioned in relation to the compound hypobranchial four.
Character 112. Copula communis, posterior region, composition: 0, with ossified
basibranchial three; 1, cartilaginous.
Character 113. Ceratobranchial five, length: 0, half the length of ceratobranchial four; 1, as
long as ceratobranchial four.
Character 114. Hypobranchial one, ventral process: 0, present; 1, absent.
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Character 115. Hypobranchial three, shape: 0, triangular; 1, rod-shaped.
Character 116. Hypobranchial three, posterior margin, shape: 0, convex; 1, concave; 2,
straight.
Character 117. Hypobranchial three, posteroventral process: 0, absent; 1, present.
Character 118. Hypobranchial three, posterior margin, cartilaginous core: 0, continuous; 1,
discontinuous.
Character 119. Hypobranchial three, ratio length-by-width: 0, wider than long; 1, longer than
wide; 2, length and width equal.
Character 120. Basibranchial three, ratio length-by-width: 0, longer than wide; 1, wider than
long; 2, width equal to length.
Character 121. Basibranchial three, relative length of posterior margin: 0, length of posterior
margin two thirds the length of anterior margin; 1, length of posterior margin one half the
length of anterior margin; 2, length of posterior margin equal to the length of anterior margin;
3, length of posterior margin one-third longer than the length of anterior margin.
Character 122. Basibranchial three, overall shape: 0, variable angular polygon; 1, circular.
Character 123. Basibranchial three, posterior part, location: 0, same level of medial margins
of hypobranchial three; 1, ventral to the medial margins of hypobranchial three.
Character 124. Single element posterior to basibranchial three: 0, ossified; 1, cartilaginous.
In Porichthys notatus the diamond-shaped cartilage positioned posterior to
basibranchial three is not homologous to basibranchial four, but instead it is formed by the
pair of hypobranchial four that fuses during early stages of development (Chapter 3). Several
other teleostean fishes have a similar cartilage. This cartilaginous element is traditionally
considered to be homologous to basibranchial four, although the ontogenetic development of
this cartilage is largely unknown. The ontogenetic data from Kubicek and Conway (2016) for
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species of Sciaenidae reveals that this cartilaginous element is a median structure from its
earliest stages, indicating that for this family the diamond-shaped cartilage is homologous to
basibranchial four. A comparative developmental study, within Batrachoidiformes and
among other groups of fishes, is needed to make further inferences. At this point, we
considering that these elements are homologous within Batrachoidiformes and code them the
same.
Character 125. Gill rakers on ceratobranchial one, shape: 0, multicuspidated crown; 1,
unicuspidated crown.
Character 126. Gill rakers on ceratobranchial one, tooth orientation: 0, vertically oriented
teeth; 1, laterally oriented teeth in a comb-like structure.
Unpaired fins
Character 127. Anal fin pterygiophores, relative length: 0, shorter than dorsal-fin
pterygiophores; 1, longer than dorsal-fin pterygiophores; 2, about equal to dorsal-fin
pterygiophores.
Character 128. Anal-fin pterygiphore, relative width: 0, slender than dorsal-fin
pterygiophores; 1, wider than dorsal-fin pterygiophores; 2, about equal to dorsal-fin
pterygiophores.
Character 129: Third dorsal spine, development: 0, complete, as long as second dorsal spine;
1, reduced to a small element equal or smaller than a medial radial.
Character 130. Dorsal procurrent caudal-fin rays: 0, present; 1, absent.
Character 131. Ventral procurrent caudal-fin rays: 0, present; 1, absent.
Character 132. First ural centrum, ventral pre-zygapophysis: 0, absent; 1, present.
Character 133. Parhypural flange, shape: 0, straight, continuous; 1, bearing spine-like
projections
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Character 134. First ural centrum, lateral surface: 0, continuous; 1, with a hypurapophysislike process.
Character 135. First ural centrum, dorsal margin: 0, straight; 1, bearing a dorsal prezygapophysis.
Character 136. Dorsal procurrent fin rays supported by the anterior epural: 0, present; 1,
absent.
Character 137. Dorsal procurrent fin rays supported by the anterior epural, number: 0, two; 1,
one;
Character 138. Articular edge of parhypural flange, shape: 0, angular; 1, acute.
Character 139. Total count of caudal fin rays: 0, twenty-three (23) or more;1, twenty (20); 2,
nineteen (19); 3, eighteen (18); 4, seventeen (17); 5, sixteen (16); 6, fifteen (15);7, fourteen
(14); 8, twelve (12); 9, eleven (11) or fewer.
Vaz and Hilton (2020; Chapter 1) demonstrated that the number of principal and
procurrent caudal-fin rays are correlated. Therefore, constructing distinct characters for
principal and procurrent fin rays would result in these characters lacking independence.
Therefore, to assess the phylogenetic information in number of caudal-fin rays we used the
total fin-ray counts. States zero (twenty-three) and nine (eleven) are the limits of the range of
variation found within Batrachoidiformes.
Vertebral Column
Character 140. First neural arch and spine, orientation: 0, projected posterodorsally; 1,
projected anterodorsally.
Character 141. Epineural bone one, posterior tip: 0, laying in the horizontal septum without
contacting any bone; 1, articulating with the posterodorsal process of the cleithrum.
Character 142. Epineural bone one, relative thickness: 0, as thick as third epineural bone; 1,
two to three times wider than the fourth epineural bone.
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Character 143. Epineural bone one, origin: 0, articulating with the neural arch of the first
vertebra; 1, articulating with the neural spine of the first vertebra.
Character 144. Epineural bone two, contact with vertebral column: 0, contacting the second
vertebra; 1, not contacting the second vertebra.
Character 145. Epineural bone two, origin, topology: 0, at the level of the neural arch of the
second vertebra; 1, at the level of the neural spine of the second vertebra; 2, at the level of the
neural spine of the first vertebra; 3, at the level of the basiventral of the second vertebra.
Character 146. Epineural bone two, relative length: 0, as long as epineural bone one; 1, 1.5
times longer than epineural bone one; 2, between 0.5-0.75 times the length of epineural bone
1.
Character 147. Epineural bone two: 0, present; 1, absent.
Character 148. Epineural bone three, origin: 0, at the level of vertebral centrum three; 1, at
the level of neural arch of the third vertebra; 2, at the level of neural arch of second vertebra;
3, at the level of neural spine of the third vertebra.
Character 149. Epineural bone three: 0, present; 1, absent.
Character 150. Epineural bone four, origin: 0, at the level of vertebral centrum four; 1, at the
level of the neural arch of the fourth vertebra; 2, at the level of neural arch of the third
vertebra.
Character 151. Epineural bone five, origin: 0, at the level of the vertebral centrum five; 1, at
the level of the neural arch of vertebra five; 2, at the level of the vertebral centrum four.
Character 152. Ribs (possibly equal to epicentrals of Chapter 2, see below): 0, present; 1,
absent.
Character 153. Ribs, development: 0, complete, attached to the centrum; 1, reduced,
restricted to lateral part of the peritoneal fibers
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The homology of epicentrals in Batrachoidiformes, as proposed in Chapter 2, was
questioned by the ad hoc reviewers when that chapter was submitted for publication. In their
interpretation, these bones correspond to reduced ribs and not epicentrals. We are in the
process of obtaining new material of Halobatrachus didactylus, including larval specimens to
examine the ontogeny and to make histological sections of these structures; this is a key
taxon for better identifying the homology of these elements. While we obtain additional
material to reassess this issue, the presence of these bones, independent of their homology,
bear phylogenetic information. The homology of this structure, however, is crucial for the
comparison and polarization of this character.
Most examined outgroups have ribs. If this series of bones is ultimately recognized as
modified ribs in Batrachoidiformes, then those having these elements will likely be
considered to have the plesiomorphic state for Character 152. If we confirm our previous
hypothesis of these elements being epicentrals, then ossified epicentrals within
Batrachoidiformes is likely an apomorphic feature and Character Character 153 should be
disregarded. In this present analysis, we are considering those bones to be homologous to
ribs.
Pectoral girdle and fins
Character 154. Posttemporal, dorsal limb: 0, in contact with the epioccipital, attached by
connective tissue; 1, ankylosed to the epioccipital.
Character 155. Posttemporal, ventral limb, shape: 0, forming a distinct limb; 1, reduced to a
small knob.
Character 156. Posttemporal, ventral limb, contact: 0, articulating with intercalar; 1,
associated with the posteroventral margin of pterotic; 2, associated with posterodorsal margin
of epioccipital; 3, associated with dorsolateral edge of exoccipital.
Character 157. Posttemporal, posterior process, association with pterotic: 0, posterior tip
contacting the pterotic; 1, entire lateral margin associated with pterotic.
Character 158. Posttemporal, relative size: 0, 1.5 times or longer than the supracleithrum; 1,
about equal to the length of the supracleithrum; 2, between one-half to two-thirds the length
of the supracleithrum.
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Character 159. Supracleithrum – postemporal articulation: 0, sagittal; 1, condylar.
Character 160. Supracleithrum – postemporal articulation, condylar position: 0, posttemporal;
1, supracleithrum.
Holcroft and Wiley (2015) described Batrachoidiformes having the condyle of
articulation only on the posttemporal. Their statement, however, was based in a small taxon
sampling (two species). Across the diversity of Batrachoidiformes the position of the condyle
is variable and is either on the posttemporal (subfamilies Batrachoinae, Porichthyinae,
Thalassophryninae, and Triathalassothia) or on the supracleithrum (other Halophryninae
sensu Greenfield et al., 2008)
Character 161. Supracleithrum, relative length: 0, smaller than the dorsalmost pectoral radial
(not the propterygium); 1, equal to the length of the dorsalmost pectoral radial; 2, longer than
the dorsalmost pectoral radial.
Character 162. Supracleithum, antero-dorsal process: 0, absent; 1, present.
Character 163. Cleithrum, dorsal edge, shape: 0, angular, conical; 1, scoop-shaped.
Character 164. Cleithrum, ratio ventral part by vertical part: 0, slender, ventral part longer
than vertical; 1, stocky, ventral part equal to vertical.
Character 165. Cleithrum, postero-dorsal process: 0, absent; 1, present.
Character 166. Cleithrum, posterodorsal process, relative size: 0, as long as the dorsal tip of
the cleithrum; 1, about half the length of the dorsal tip of cleithrum.
The length of the dorsal tip of cleithrum is defined as the distance from the dorsal
origin of the posterodorsal process to the dorsal tip of the cleithum. The relative length of the
posterodorsal process of cleithrum is variable within Batrachoidiformes.
Character 167. Cleithrum, posterodorsal process, posterior margin, shape: 0, rounded; 1,
acute.
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Character 168. Propterygium, length: 0, small, diameter similar to a distal radial; 1,
hypertrophied, as long as pectoral radials.
Character 169. Propterygium, composition: 0, cartilaginous; 1, ossified (at least partially).
Character 170. Propterygium, extent of ossification: 0, ossified only at the base; 1,
completely ossified.
Character 171. Propterygium, shape: 0, circular; 1, rod-shaped; 2, paddle-shaped.
Character 172. Coracoid, ventral margin, extent: 0, extending anteriorly to the same level of
antero-ventral edge of scapula; 1, extending anteriorly beyond the antero-ventral edge of
scapula.
Character 173. Coracoid, ventral process, extent of ossification: 0, ossification only at the
base of the process; 1, ossification extending to half of the length of the process.
Pelvic girdle and fins
Character 174. Basipterygium, medial lamina: 0, absent; 1, present.
Character 175, Basipterygium, medial lamina, shape: 0, medial margin convex and
continuous, projecting posteromedially; 1, medial margin deeply concave, forming a process.
Character 176. Basipterygium, medial lamina, shape of posterior region: 0, slightly convex,
forming a semi-elliptical margin; 1, strongly convex, angular, forming a trapezoidal margin.
Character 177. Basipterygium, medial process, relative length: 0, short, not contacting its
antimere; 1, long, with anterior tips contacting their antimeres.
Character 178. Basipterygium, medial margin, origin: 0, in the middle of medial surface of
basipterygium; 1, at the antero-medial edge of basipterygium.
Character 179. Basipterygium, lateral process: 0, absent; 1, present.
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Character 180. Basipterygium, lateral process, relative length: 0, short, not extending
anteriorly to the middle of the basipterygium; 1, long, extending anteriorly to the middle of
the basipterygium.
Character 181. Filamentous cushion organ on the pelvic spine and lateralmost soft ray: 0,
absent; 1, present.
The pelvic fins of all Batrachoidiformes support a series of filaments along the lateral
margin of the pelvic spine and the first pelvic fin ray. The function of this organ is uncertain
although but observations of live specimens suggest that they might use these filaments to
maintain their stance, as they are usually propped up on the substrate on their pelvic fins.
Miscellaneous
Character 182. Swimbladder: 0, present; 1, absent.
Character 183. Swimbladder, shape: 0, elliptical; 1, anteriorly indented, resulting in a heartshaped bladder.
Character 184. Swimbladder, extent of anterior indent: 0, extending to the anterior half; 1,
extending to the posterior region, resulting in two separate lobes.
Character 185. Swimbladder, anterior margin of lobes, shape: 0, rounded; 1, angular.
Character 186. Photophores: 0, absent; 1, present.
Character 187. Pectoral-fin axillary pore organ: 0, absent; 1, present.
Character 188. Pectoral-fin axillary pore organ, position: 0, in the dorsal edge of pectoral
axil; 1, in the middle of the depth of the pectoral axil.
Character 189. Scales: 0, present; 1, absent.
Character 190. Muscle superficialis lateralis on the abdominal cavity: 0, absent; 1, present.
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3.4. Phylogenetic Results
The phylogenetic analysis resulted in five equally parsimoniously trees, each with the
length of 516 steps (Fig. 44). The global consistency index (CI) is 0.450 and the global
retention index (RI) is 0.629. Nodes referenced below refer to nodes from the consensus tree
(Fig. 45). The strict consensus tree (Fig. 46) recovered a monophyletic Batrachoidiformes
(node 29), with a polytomy at its base comprising three clades: Triathalassothia (node 11),
Batrichthys, Bifax, Colletteichthys, Halobatrachus, Barchatus, Chatrabus, Perulibatrachus,
and Riekertia (node 31), and the clade (node 27) formed by Halophryninae sensu stricto
(node 26) and all other batrachoid subfamilies (node 39).
In all fundamental trees, the subfamily Halophryninae sensu lato is paraphyletic. The
previously recognized subfamilies Batrachoidinae, Porichthyinae, and Thalassophryninae
form a monophyletic group (node 39), although Batrachoidinae (sensu Greenfield et al.,
2008) was not found to be monophyletic in all fundamental trees. The clade comprising these
three subfamilies (node 39) is the sister group of a clade formed by Batrachomoeus,
Allenbatrachus, and Halophryne, which is referred herein as Halophryninae sensu stricto
(node 26).
All fundamental trees recovered a monophyletic clade formed by Batrichthys, Bifax,
Colletteichthys, Halobatrachus, Barchatus, Chatrabus, Perulibatrachus, and Riekertia (node
31). The resolution among these genera is low, with a polytomy with five lineages arising
from node 31 (nodes 10, 5, 1, 32, and 34). All fundamental trees show Bifax as the sister
group of Batrichthys (node 32). Colletteichthys and Halobatrachus form a monophyletic
group (node 33), and this clade is the sister-group of Perulibatrachus (node 34).
The position of Triathalassothia varied in the fundamental trees, and is recovered as
either the sister group of all other Halophryninae (node 31) or the first lineage to diverge
from the ancestral lineage of all Batrachoidiformes (node 28).
Provisional Taxonomic and Nomenclatural Changes
A complete phylogenetic analysis with all examined species is necessary to confirm
the taxonomic proposals outlined below. Although this analysis is should be viewed as
preliminary (i.e., containing only a single species of each genus), nodes 11, 27, and 31 are
well supported by characters that display low intrageneric variation (pers. obsv.). Further,
most genera, particularly within the node 31, have relatively few species, and even for more
species-rich genera (e.g., within Batrachoididae) it is likely that the inclusion of additional
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taxa of these genera will not affect the topology. These preliminary nomenclatural changes
were also made to facilitate the discussion of each clade.
Given the wide use of the subfamily names, we retain these whenever they represent
monophyletic groups. The subfamilies Thalassophryninae and Porichthyinae remain
unchanged from these groups as recognized by Greenfield et al. (2008). The subfamily
Halophryninae is restricted to the node 26, including only the genera Halophryne,
Allenbatrachus, and Batrachomoeus (herein called Halophryninae sensu stricto). The strict
consensus of this phylogenetic analysis placed Potamobatrachus in a polytomy with node 41
(Porichthyinae and Thalassophryninae) and node 38 (Batrachoides, Opsanus, Vladichthys,
Sanopus, and Amphichthys). Therefore, we are using Batrachoidinae sensu stricto to refer to
taxa allocated at node 38, whereas the term Batrachoidinae sensu lato indicates the previous
definition used by Greenfield et al. (2008). Given the position of Potamobatrachus, this
genus is provisionally elevated to sub-familiar level, the n. subfam. Potamobatrachinae.
Clades 11 and 31 are elevated to subfamily level. The clade from node 11, which
contains only Triathalassothia, would be named Triathalassothinae n. subfam. Within node
31, the oldest genus-level name within this clade is Halobatrachus, therefore, this clade
would represent the newly elevated subfamily Halobatrachinae. The order Batrachoidiformes
would still continue having a single family, Batrachoididae. These suggestions, however, are
provisional and the correct rank assignment (e.g., superfamily, family, subfamily, tribe) need
further scrutiny when the complete phylogenetic analysis is performed. Some clades
presented herein are left unnamed.
Node 28. Batrachoidiformes.
The present study recovered the order Batrachoidiformes as a monophyletic group
supported by 17 synapomorphies common to all trees (i.e., characters with unambiguous
optimizations).
Character 3: Mesethmoid (state 1 – absent). 1 Step. The mesethmoid in teleostean fishes is an
ossification of the medial portion of the ethmoid block of the neurocranium (i.e., it is never
associated with a cartilage separate from the anterior portion of the neurocranium). As stated
by Wiley and Johnson (2010), following Gosline (1970), the mesethmoid is unossified in
Batrachoidiformes. Across diversity of Batrachoidiformes there is no indication of a
mesethmoid.
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Character 61: Metapterygoid, shape of the dorsal edge (state 1 – trapezoidal, with an anterodorsal projection). 2 steps. The dorsal edge of the metapterygoid with a trapezoidal shape,
having the anterodorsal edge projecting anteriorly, is recognized as a synapomorphy of
Batrachoidiformes, having a reversal to state zero (triangular, without projections) at the base
of Thalassophryninae (node 43).
Character 70: Subopercle, posterior margin (state 1 – with 1, 2, or 3 spines). 2 steps. The
present analysis recovered a subopercle bearing spines as a synapomorphy for
Batrachoidiformes. Within the order, a secondary loss of subopercular spines (state 0)
supports the monophyly of Porichthyinae and Thalassophryninae (node 42).
Character 87: Urohyal, lateral projections (state 1 – present). 1 step. The urohyal of all
Batrachoidiformes have extensions projecting from their anterolateral edges, resulting in a Tshaped bone. All examined outgroups have an elongate urohyal, without any lateral
projections.
Character 90: relative size of the anterior uncinate process (state 2 - anterior uncinate process
longer than anterior half of epibranchial one). 3 steps. In the examined outgroups, the
uncinate process is short, usually less than half of the anterior half of epibranchial one (=
length from the base of the anterior uncinate process to the antero-medial tip that articulates
with pharyngobranchial one). In all Batrachoidiformes, the uncinate process is longer than
the anterior half of epibranchial one. The only exceptions are Allenbratrachus, in which the
uncinate process and anterior half have equal length (state zero), and Halophryne, in which
there is a reversal to state one (uncinate process shorter than the anterior half of epibranchial
one).
Character 113: Ceratobranchial five, length (state 0 – one-half the length of ceratobranchial
four). 2 steps. In all examined outgroups, ceratobranchials four and five are approximately
equal in length (state one). In all Batrachoidiformes, the length of ceratobranchial five is onehalf the length of ceratobranchial four. The only exception is Halophryne, which is reversed
to state one.
Character 141: Epineural bone one, posterior tip (state 1 – articulating with postero-dorsal
process of the cleithrum). 1 step. Gunther (1861) described this characteristic as distinctive
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for the genus “Batrachus,” which is now represented by several genera in the subfamilies
Batachoidinae and Porichthyinae. Monod (1960) described and detailed this feature in
Halobatrachus didactylus. Wiley and Johnson (2010) proposed this feature as a
synapomorphy of Batrachoidiformes. Our phylogenetic analysis supports their hypothesis.
Character 143: Origin of epineural bone one (state 1 – articulating with the neural spine of
the first vertebra). 2 steps. In most Batrachoidiformes, the origin (proximal tip) of the first
epineural bone articulates with the neural spine of the first vertebra (Chapter 2: figs. 3, 4).
The only exception is Porichthyinae, in which this bone articulates with the neural arch of the
first vertebra, as in other Acanthomorphata.
The optimization of this character recovered a transformation to state one (epineural
bone one articulating with the neural spine of the first vertebra), as a synapomorphy of
Batrachoidiformes, with a secondary reversal to state zero (articulating with the neural arch
of vertebra one) in Porichthyinae. Wiley and Johnson (2010) identified having the first
epineural bone articulating with the neural arch as a synapomorphy for the order. Our results
recover the epineural bone one articulating with the neural arch of the first vertebra as a
reversal restricted to representatives of Porichthyinae.
Character 148. Origin of epineural bone three (State 1 – origin at the level of the neural arch
of the third vertebra). 4 Steps. The current analysis recovered the transformation from state
zero (the origin of epineural 3 at the level of the vertebral centrum) to state one (the origin of
epineural 3 at the level of neural arch) as a synapomorphy of Batrachoidiformes. In
Thalassophryninae (node 43), the third epineural bone is shifted anteriorly, with the origin of
epineural 3 originating at level of the neural arch of the second vertebra (state 1 => state 2).
Both Batrichthys and Batrachomoeus have the origin of epineural bone three positioned at
the level of the neural spine of the third vertebra (state 3). Our analysis however, optimized
these shared similarities as independent occurrences (i.e., homoplasy).
Character 154. Posttemporal, dorsal limb, attachment to the neurocranium (State 1 –
ankylosed to the epioccipital). 1 Step. Wiley and Johnson (2010) proposed a similar character
as a synapomorphy of Batrachoidiformes, although their construction referred to more than
one character, according to the character methodology followed here (combined with having
the supracleithrum with having a condylar articulation with ankylosed posttemporal;
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Character 159). Our phylogenetic analysis optimized a posttemporal ankylosed to the
epioccipital as a synapomorphy of Batrachoidiformes.
Character 155. Posttemporal, ventral limb, shape (State 1 – reduced to a knob). 1 step. A
ventral limb of the posttemporal had not been recognized in Batrachoidiformes before this
study. Although reduced to a small knob, this region of the posttemporal is distinct and
present in all Batrachoidiformes (Monod, 1960: fig. 2). Additionally, several batrachoid
species retain its typical contact with the intercalar bone, as observed in other teleosts
(although the presence of the intercalar is variable within Batrachoidiformes; Character 33).
Character 159. Articulation between posttemporal and supracleithrum (State 1 – condylar). 1
step. A condylar articulation between the supracleithrum and the posttemporal was observed
in all Batrachoidiformes and it was optimized as a synapomorphy of this order, as proposed
by Wiley and Johnson (2010).
Although all examined outgroups have sagittal contact between these bones, Holcroft
and Wiley (2015) reported a similar condylar articulation for Balistidae, Monacanthidae
(Tetraodontiformes), Trachipteridae (Lamprodiformes), and some Beloniformes.
Character 162. Anterodorsal process of the supracleithrum (State 1 – present). 2 Steps. All
Batrachoidiformes except for Daector were found to have a posterodorsally directed process
in the anterodorsal region of the supracleithrum. In all examined outgroups the
supracleithrum does not bear any process.
Character 168. Length of propterygium (State 1 – hypertrophied, as long as pectoral radials).
Günther (1861), Monod (1960), and Greenfield et al. (2008) characterized Batrachoidiformes
by having five pectoral radials. Wiley and Johnson (2010) proposed that five pectoral radials
as a synapomorphy of Batrachoidiformes.
As demonstrated in Chapter 3, the previously identified dorsalmost pectoral radial of
Batrachoidiformes is actually a hypertrophied propterygium, which becomes as long as the
pectoral radials during development. Therefore, the synapomorphy of Batrachoidiformes is
not the number of radials, but instead, the enlarged growth of the propterygium.
Character 171. Shape of propterygium (State 1 – rod-shaped). 2 Steps. The typical shape of
the propterygium of teleost fishes is circular and similar to the distal radials of the pectoral
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fin. In most Batrachoidiformes, the propterygium is elongate and flat, forming a rod-like
shape, being optimized here as a synapomorphy of the order. In Porichthyinae (node 41), the
propterygium acquires a paddle-like shape (state 2; figs. 15, 21 of chapter 3).
Character 181. Filamentous cushion organ on the pelvic spine and lateralmost soft ray (State
1 – present). 1 Step. There is a series of filaments visible externally in all Batrachoidiformes
across the lateral margin of the pelvic spine and lateralmost soft fin ray. The function of this
organ is unknown, although observation of live specimens of Porichthys and Opsanus
suggests that it could be related to keeping their regular stance, usually standing on their
pelvic fins. These filaments usually stain blue with during clearing-and-staining, but the
filaments are not supported by cartilage. Similar features was not observed in any other
teleostean fish and is optimized here as a synapomorphy of Batrachoidiformes.
The following characters were recovered as synapomorphies of Batrachoidiformes
only in some of the fundamental trees (i.e. ambiguous optimization): character 47 (state 0),
150 (state 1), and 163 (state 1).
From node 28, Batrachoidiformes, three lineages arise without resolution among them
(polytomy). The following section details the synapomorphies of each node (i.e.,
provisionally families of Batrachoidiformes).
Node 11. Triathalassothinae.
This clade comprises one genus, Triathalassothia, and two species, T. argentina and
T. lambaloti. They are unique in Batrachoidiformes by lacking a swimbladder and having
four sets of the m. superficialis lateralis extending through the dorsal wall of the abdominal
cavity. Four unambiguous synapomorphies support this clade.
Character 26. Shape of the anterodorsal process of the autosphenotic (State 1 - rounded). 4
steps. The optimization of this character results as state zero (angular) as the plesiomorphic
state for Batrachoidiformes. Transformation from state zero to one has four homoplastic
occurrences (but nevertheless, synapomorphies): in Triathalassothia (node 11),
Allenbatrachus (node 0), node 40 (supporting Thalassophryninae and Porichthyinae), and one
outside Batrachoidiformes in Ophidion (node 23)
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Character 120. Basibranchial 3, ratio length by width (State 1 – wider than long). 5 steps.
Optimization of this character resulted on state zero (longer than wide) as plesiomorphic for
Batrachoidiformes. The transformation from state zero to one in Triathalassothia (node 11) is
considered synapormophy of this clade. There are three other homoplastic occurrences, at
node 26 (Allenbatrachus, Batrachomoeous, and Halophryne), Thalassophryne (node 21), and
Sanopus (node 16).
Character 182. Swimbladder (State 1 - absent). 1 step. Triathalassothia is unique among all
Batrachoidiformes for completely lacking a swimbladder. This feature was observed in	
  both
species. Optimization of this character recovers the loss of swimbladder as synapomorphy of
Triathalassothidae (node 11).
Character 190. m. superficialis lateralis on the abdominal cavity (State 1 - present). 1 step.
As demonstrated in Chapter 2, both species of Triathalassothia have four sets of muscles
extending through the dorsal wall of the abdominal cavity, originating in the anterior wall and
inserting through a tendon from the parapophyses of vertebrae 7 to 11. This feature is unique
in Batrachoidiformes (and potentially in teleosts) and was optimized as a synapomorphy of
Trithalassothidae (node 11).
The following characters have ambiguous optimizations, being recovered as
synapomorphy of node 31 (Halobatrachidae) only in some of the fundamental trees: character
16 (state 2), 102 (state 0), 127 (state 1), and 128 (state 1).
Node 31. Halobatrachinae.
The provisional new subfamily Halobatrachinae comprises eight genera, Barchatus,
Batrichthys, Bifax, Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus, and
Riekertia. Greenfield et al. (2008) had also found these genera to form a monophyletic group,
although no taxonomic rank was assigned to it. In their analysis, this clade was an internal
branch within their delimitation of Halophryninae. Although both analyses found these
species to be more closely related to each other than to other batrachoidiforms, none of the
characters used by Greenfield et al. (2008) were found to be phylogenetically informative to
support this clade in this present analysis. Herein, this clade (node 31) is supported by nine
unambiguous synapomorphies
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Character 27. Direction of the anterodorsal process of the autosphenotic. (State 1 – anterolaterally directed). 4 steps. Transformation from state zero to state one is a synapomorphy
grouping these genera, with a reversal to state zero (process is anteriorly directed) in
Batrichthys apiatus. State one also is homoplastic, occurring independently in Porichthyinae
(node 41). Lepomis and Ophidion (basalmost positioned outgroups) have the anterodorsal
process of the autosphenotic laterally directed (state 2). Transformation from state two to
state zero occurred below the node from grouping Gobiosoma and the ancestral lineage of
Batrachoidiformes.
Character 51. Palatine-ectopterygoid articulation (State 1 – loose contact, forming a gap
between palatine and ectopterygoid). 2 steps. This character state occurs in all representatives
of Halobatrachinae, and is not homoplastic within Batrachoidiformes. The only homoplastic
occurrence was outside Batrachoidiformes, in Lepomis macrochirus. The optimization of this
character suggests that the occurrence of a loose contact between palatine and ectopterygoid
in Lepomis and Halobatrachidae are independently derived (i.e., homoplasy).
Character 56. Posterior margin of the endopterygoid, topology (State 1 – extending to the
posterodorsal edge of ectopterygoid). 1 step. In all outgroups and other batrachoids that have
an endopterygoid, the posterior margin of this bone extends beyond the posterodorsal edge of
the ectopterygoid, reaching the metapterygoid (state 0). Representatives of Halobatrachinae
share a short endopterygoid (when endopterygoid is present) that does not extend beyond the
posterior margin of the ectopterygoid. This analysis recovered state one as a synapomorphy
of Halobatrachinae (node 31).
Character 64. Composition of the coronoid process of the lower jaw (State 1 – dentary
forming the anterior two-thirds; posterior one-third formed by the anguloarticular). 4 steps. In
all examined species (including outgroups), state 1 was observed only in representatives of
the subfamily Halobatrachidae. Optimization of this character demonstrates that state zero
(anterior half formed by the dentary and posterior half formed by the anguloarticular) is
plesiomorphic, being present in the exclusive common ancestor of all Batrachoidiformes.
State 3 (anterior one-third formed by the dentary and posterior two-thirds formed by the
anguloarticular) was present only in Ophidion (Ophidiidae). State 2 (formed entirely by the
dentary) is recovered as a synapomorphy for Allenbatrachus, Halophryne, and
Batrachomoeus (node 26), but it has a homoplastic occurrence in Gobiosoma (Gobiidae).
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Character 65. Angles of anterior and posterior margins of the coronoid process (State 1 –
anterior margin with lowest angle in relation to posterior margin). 3 steps. Optimization of
this character suggests that state zero (anterior and posterior margin with similar angles) is
plesiomorphic for Batrachoidiformes (this state occurs in Lepomis and Gobiosoma). The
transformation from state zero to state one is optimized as a synapomorphy for
Halobatrachinae, with a subsequent reversal to state zero in Batrichthys apiatus.
Character 71. Number of subopercular spines (State 1 – two spines). 5 steps. A single
subopercular spine is recovered as the plesiomorphic condition for Batrachoidiformes. The
transformation to state one (having two subopercular spines), was optimized as a
synapomorphy of node 32 (Halobatrachinae), with homoplastic occurrences in
Allenbatrachus and Batrachoides. Batrichthys and Halobatrachus are polymorphic for this
character, with specimens having either one or two subopercular spines (these were coded for
the modal condition). State two (three subopercular spines) is recovered as a synapomorphy
of Potamobatrachus trispinosus, although three spines were also observed in one side (right
subopercle) of a specimen of Barchatus indicus; the left side, however, the subopercle has
two spines.
Character 80. Shape of the antorbital, ventrolateral region (State 0 – rod-shaped, elongated
ossified canal). 5 steps. State one of this character (triangular, ventrally expanded) was
recovered as plesiomorphic for Batrachoidiformes. Transformation from state one to state
zero happened at least three times within this order: one supporting all genera of
Halobatrachinae (node 32), in Thalassophryne (node 21) and within the subfamily
Batrachoidinae (node 37).
Character 134. Lateral surface of first ural centrum (State 1 – with hypurapophysis-like
process). 2 steps. All genera of Halobatrachinae share the presence of a hypurapophysis-like
process in the lateral surface of the first ural centrum. All examined outgroups and most other
Batrachoidiformes have the lateral surface of the first ural centrum completely straight (state
0). Having a hypurapophysis-like process is recovered as a synapomorphy of
Halobatrachinae. Vaz & Hilton (2020) noted that representatives of Thalassophryninae have
a similar hypurapophysis-like process, but this is restricted to only large specimens (>75 mm
SL). The phylogenetic analysis indicates that the similarity observed in Thalassophryninae is
	
  

332	
  

a homoplasy, as this taxon is more closely related to other batrachoids than to
Halobatrachinae.
Lepomis macrochirus (Centrarchidae) has a hypurapophysis, which projects from the
lateral margin of the parhypural. Therefore, this is not homologous to the hypurapophysislike process of Batrachoidiformes, which projects from the lateral surface of the first ural
centrum, as discussed in Schultze & Arratia (2013) and Vaz & Hilton (2020).
Character 177. Relative length of the medial process of the basipterygium (State 1 – long,
with antero-medial tip contacting its antymere). 2 steps. Optimization of this character
resulted in state zero (short medial process) as the plesiomorphic state for the exclusive
common ancestor of all Batrachoidiformes. The transformation from state zero to one is a
synapomorphy of node 32 (Halobatrachinae), but with a secondary reversal to state zero in
Bifax lacinia.
Character 189. Scales (State 0 - present). 5 steps. The absence of scales (state 1) is recovered
as the plesiomorphic state for Batrachoidiformes. The presence of scales (state 1) was
optimized as synapomorphy of Halobatrachinae in this analysis, although within this clade
there are at least two independent losses of scales, in Colletteichthys and on node 32, which
comprises Batrichthys and Bifax. There is also an independent occurrence of scales in the
genus Batrachoides, within the clade Batrachoidinae.
The following characters were recovered as synapomorphies of Halobatrachinae in
only some of the fundamental trees, but they have ambiguous optimizations: characters 36
(state 1), 38 (states 1 or 2), 52 (state 1), 55 (state 1), 58 (state 1), 59 (state 2), 88 (state 0), 110
(state 1), 139 (state 1), and 187 (state 1).
Halobatrachinae intrarelationships
Within Halobatrachinae, five lineages diverge in a polytomy, three of which are
terminal taxa: Riekertia (node 10), Chatrabus (node 5), and Barchatus (node 1). Because
each of these genera were only represented by a single species, synapomorphies of these
terminal branches are not discussed. The two other lineages (nodes 32 and 34), however,
contain two or more genera; these nodes are discussed below.
Node 32. Bifax and Batrichthys.
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All Batrachoidiformes are dorsoventrally flattened, although these genera are even
more flattened compared to other toadfishes (e.g., Opsanus tau). This characteristic is
reflected in modifications to the neurocranium, such as those listed here optimized as
unambiguous synapomorphies.
Character 13. Contact of basisphenoid with frontals. (State 1 – contacting the ventral surface
of the frontals). 2 steps. In all Batrachoidiformes and Ophidion (Ophidiidae) the frontals have
a process that projects ventrally across the midline of the orbits. In most Batrachoidiformes
(and Ophidion), this process is sutured to the basisphenoid (state 0). In Bifax and Batrichthys
the ventral process of the frontals surrounds the basisphenoid and projects ventrally to reach
the parasphenoid; in other taxa the basisphenoid contacts the ventral surface of the frontals
directly (state 1). A similar arrangement is present in Porichthys and Aphos. This character
state is a synapomorphy of node 32 (Bifax and Batrichthys), with a homoplastic occurrence at
node 40 (i.e., it is also interpreted as a synapomorphy of Porichthyinae).
Character 30. Prootic shape. (State 1 – depth ventral to fascialis foramen equal to depth
dorsal to the foramen). 3 steps. In the prootic of outgroups and most Batrachoidiformes the
depth ventral to the fascialis foramen is greater than the depth dorsal to the foramen (state 0),
and this is interpreted as plesiomorphic for the order. The transformation from state zero to
one is interpreted as occuring independently three times: as a synapomorphy of node 32
(Bifax and Batrichthys), in Colletteichthys, and in Batrachoides.
Character 73. Number of subopercular filaments. (State 0 – one filament). 4 steps.
Optimization of this character is ambiguous at the base of Batrachoidiformes. However,
within Halobatrachinae (node 31), the presence of two subopercular filaments (state 1) is
plesiomorphic. Therefore the transformation from state one to zero is interpreted as a
synapomorphy of node 32, with a homoplastic occurrence in Colletteichthys.
Character 189. Scales (State 1 – absent). 5 steps. The presence of scales is a plesiomorphic
feature for Halobatrachinae (see above). Therefore, the loss of scales is interpreted as a
synapomorphy grouping Bifax and Batrichthys (node 32).
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The following transformations have ambiguous optimization but they were recovered
in some of the fundamental trees as synapomorphies of node 32: Character 2 (state 1), 25
(state 0), and 44 (state 1).
Node 34. Perulibatrachus, Halobatrachus, and Colletteichthys.
This clade is characterized by modifications in the jaws and opercular series, with all
unambiguous synapomorphies being related to these elements.
Character 39. Depth of postmaxillary process of premaxilla. (State 1 – 2.5-3 times
premaxillary depth). 6 steps. Optimization of this character is further discussed for node 39
(Porichthyinae, Thalassophryninae, Batrachoidinae sensu stricto, and Potamobatrachus).
Within Halobatrachinae, state zero is plesiomorphic and the transformation to state one is
optimized as a synapomorphy of node 34.
Character 45. Depth of posteroventral process of maxilla (State 1 – 2.5-3 times maxillary
depth). 5 steps. Optimization of this character recovers a posteroventral process of the
maxilla that is 1.5-2x deeper than the anterior depth of the maxilla (state 0) as the
plesiomorphic condition for all families of Batrachoidiformes. Within Halobatrachinae, the
transformation to state one is a synapomorphy of node 34. State one, however, has
homoplastic occurrences in Porichthyinae, Thalassophryne, and Vladichthys.
Character 77. Orientation of the anterior margin of interopercle. (State 1 – vertically
oriented). 5 steps. In outgroups, the anterior margin of the interopercle is posterodorsally
oriented (state 0), and this is plesiomorphic for Batrachoidiformes. The transformation from
state zero to one within Halobatrachinae is optimized as a synapomorphy of node 34. This
character state occurs homoplastically in Porichthyinae, Thalassophryne, Batrachoides, and
Opsanus.
Characters 38 (state 2) and 84 (state 1) were also recovered as synapomorphies of
node 34, although only in some of the fundamental trees (i.e., they have ambiguous
optimization).
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Two lineages arise from node 34: Perulibatrachus and a clade formed by
Halobatrachus and Colletteichthys (node 33). Because only a single species of
Perulibatrachus was coded, synapomorphies for this genus are not discussed.
Node 33. Halobatrachus and Colletteichthys.
This clade is unique among Batrachoidiformes by having a rounded expansion in the
antero-dorsal edge of the basisphenoid.
Character 15. Shape of anterodorsal edge of basisphenoid. (State 1 – semi-circular, with a
rounded projection extending anteriorly). 1 step. The anterodorsal edge of the basisphenoid in
most Batrachoidiformes is angular and does not bear any process (state 0). Colletteichthys
and Halobatrachus share a unique basisphenoid, having a rounded anterodorsal edge that
projects anteriorly (state 1). This feature is unambiguous synapomorphy of node 33.
Character 16. Relative position of the posterodorsal edge of basisphenoid. (State 0 –
anterodorsal edge positioned dorsal in relation to posterodorsal edge). 9 steps. Although the
optimization of this character is ambiguous at the base of Batrachoidiformes, within
Halobatrachinae (node 31) character 16 is optimized with state 1 being plesiomorphic.
Therefore, the transformation from state one to state zero is interpreted as a synapomorphy of
node 33, with homoplastic occurrences in Riekertia and Thalassophryne.
Character 37. Relative length of the ascending process of premaxilla. (State 1 – between half
to two-thirds of the length of premaxilla). 6 steps. Optimization of this character found that
state zero (ascending process about as long as the main body of premaxilla) is plesiomorphic
at the base of Batrachoidiformes and for all its families (nodes 11, 27, 31). Therefore,
transformation from state zero to one is interpreted as a synapomorphy of node 33
(Colletteichthys and Halobatrachus), with homoplastic occurrences in Batrichthys apiatus
and in Porichthyinae (node 40).
Character 85. Relative length of the posteroventral process of the ventral hypohyal. (State 1 –
long, extending beyond the anterior margin of ceratohyal, length of process approximately
half the length of ventral hypohyal). 5 steps. Optimization of this character on the most
parsimonious trees suggests that a small posteroventral process (state 0) is plesiomorphic at
the base of Batrachoidiformes, as well within families Batrachoididae (node 27) and
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Halobatrachinae (node 31). Transformation to state 1 is interpreted as a synapormophy of
node 33, with homoplastic occurrences in Amphichthys, Thalassophryne, and Porichthyinae.
Characters 59 (state 0), 60 (state 1), and 82 (state 1) have ambiguous optimizations,
but were recovered as synapomorphies of node 33 in some of the fundamental trees.
Node 27. Unnamed node
This clade comprises 13 genera from four subfamilies: Batrachoidinae sensu stricto,
Potamobatrachinae, Porichthyinae, Thalassophryninae, and Halophryninae sensu stricto.
Unique morphological characteristics of this clade are the fused frontals, not observed in any
other Batrachoidiformes, and the loss of the coronomekelian. This phylogenetic arrangement
is entirely new. The phylogenetic analysis of Rice and Bass (2009) found a paraphyletic
Halophryninae, however, their arrangement differs from our results. This clade is supported
by seven unambiguous synapomorphies.
Character 4. Frontals, antimeres (State 1 – fused medially). 1 step. All representatives
included at node 27 have medially fused frontals. Optimization of this character found a
single transformation on node 27. No other batrachoidiforms nor outgroups were found to
have this character state.
Character 9. Antero-medial wall of supraorbital groove (State 1 – fused medially). 1 step. The
anteromedial walls of the supraorbital groove are medially fused in all representatives on
node 27. The single transformation occurring on node 27 is optimized as a synapomorphy of
this clade and no homoplastic occurrences were discovered.
Character 41. Posterodorsal flange on maxilla (State 1 - present). 4 steps. The outgroup used
for rooting this phylogenetic analysis (Lepomis macrochirus) has a posterodorsal flange in
the maxilla, although all other outgroups lack this feature. The resulting optimization found
state zero (flange absent) as the plesiomorphic state for Batrachoidiformes. Therefore, the
transformation from state zero to one on node 27 is recognized as a synapomorphy of this
clade. Within node 27, however, there are two independent reversals: one at clade 40
(Porichthyinae) and another in Batrachoides.
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Character 63. Coronomeckelian (State 1 - absent). 1 step. All examined outgroups and
representatives of the other batrachoidiform families have a distinct coronomeckelian
positioned in the lingual margin of the anguloarticular. The absence of a coronomeckelian is
recovered in this analysis as a synapomorphy of node 27.
Character 102. Relative length of pharyngobranchial 1 (State 2 – smaller than half of the
uncinate process of epibranchial). 6 steps. The determination of the plesiomorphic state is
ambiguous and is either state zero (equal to the uncinate process of epibranchial one) or one
(1.5 times longer than the uncinate process of epibranchial one). The present analysis,
however, does identify that the transformation to state two is a synapomorphy of supporting
node 27. Within Batrachoidinae, there is variation in this character: at node 38
(Batrachoidinae sensu stricto), state two reverses to state zero, and in Sanopus state two reappears.
Character 114. Ventral process of hypobranchial 1 (State 1 - absent). 2 steps. Hypobranchial
1 of all representatives of node 27 lacks a ventral process. This process is present in all other
Batrachoidiformes and outgroups (except Ophidion). The presence of the ventral process on
hypobranchial 1 (state zero) is plesiomorphic within Batrachoidiformes. Therefore, the loss
of the ventral process (state 1) is a synapomorphy of node 27.
Character 137. Number of dorsal procurrent fin rays supported by the anterior epural (State 1
– one fin ray). 2 steps. Vaz and Hilton (2020) suggested that the support to dorsal procurrent
fin rays by the anterior epural could be informative within Batrachoidiformes. The present
phylogenetic analysis recovered the reduction from two (state zero) to one fin ray supported
by the anterior epural is a synapomorphy of node 27, with a single homoplastic occurrence in
Batrichthys apiatus.
The following characters were found as synapomorphies of node 27 in some but not
all of the fundamental trees: characters 5 (state 1), 22 (state 1), 23 (state 0), 25 (state 0), 38
(state 0), 73 (state 0), 139 (state 3), and 169 (state 1).
Intrarelationships within node 27
Two clades arise from node 27. One comprises the genera Allenbatrachus,
Batrachomoeus, and Halophryne (node 26, = Halophryninae sensu stricto). The other lineage
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contains all representatives of other four subfamilies, Batrachoidinae, Potamobatrachinae,
Porichthyinae, and Thalassophryninae (node 39).
Node 26. Halophryninae sensu stricto
This clade was recovered by Greenfield et al. (2008), although in that analysis it was
considered to be more closely related to species of Halobatrachinae than to species of node
39. No resolution was found within this clade, with the strict consensus resulting in a
polytomy of Allenbatrachus, Batrachomoeous, and Halophryne. Three unambiguous
synapomorphies support node 26.
Character 7. Surface of frontals posterior to supraorbital groove (State 1 – pierced by a large
fenestra). 1 step. Although Greenfield et al. (2008) constructed this character differently (see
section 3.1), the fenestra on the frontals was also found to be a synapomorphy of these three
genera. No other taxa, ingroup or outgroup, have such a feature. One specimen of
Amphichthys cryptocentrus (USNM 226515, 126.9 mm SL) presented a similar fenestra, but
only on the left side of the neurocranium. All other skeletons of A. cryptocentrus examined
do not present such feature, and the occurrence in this specimen is likely an anomaly.
Character 64. Composition of the coronoid process of the lower jaw (State 2 – coronoid
process entirely formed by the dentary). 4 steps. Greenfield et al.’s (2008) character 32[3]
described the dentary forming the entire coronoid process. In both that analysis and this
study, the transformation from state zero to state two is found to be a synapomorphy
grouping Allenbatrachus, Batrachomoeus, and Halophryne. The only homoplastic occurrence
of this state was found in Gobiosoma (Gobiidae, outgroup).
Character 105. Antero-medial region of pharyngobranchial 2 (State 1 – indented, anteromedial edge positioned laterally from the medial edge of upper tooth plate of
pharyngobranchial 2). 3 steps. In most Batrachoidiformes and outgroups, the antero-medial
edge of pharyngobranchial 2 is aligned with the medial edge of the upper tooth plate (state
zero). State one is interpreted to be a synapomorphy of Halophryninae sensu stricto. Two
other homoplastic occurrences were found, one at the base of Thalassophryninae (42) and
another in Gobiosoma (Gobiidae, outgroup).
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The following list of characters and states were found as synapomorphies of
Halophryninae sensu stricto in only some of the fundamental trees (i.e., have ambiguous
optimizations): Character 36 (state 1), 53 (state 1), 120 (state 1), and 123 (state 0).
Node 39. Porichthyinae, Thalassophryninae, Batrachoidinae sensu stricto, and
Potamobatrachinae
A close relationship among Porichthyinae, Thalassophryninae, and Batrachoidinae
sensu lato was found in one of the trees in Greenfield et. al. (2008) and by Rice and Bass
(2009), both hypotheses differ from the one found in this analysis. Greenfield et al (2008) did
not discuss which characters supported that hypothesis (Greenfield et al., 2008: fig. 77).
These clades are unresolved at node 39, including the common ancestral lineage of
Porichthyinae and Thalassophryninae (node 41), Batrachoidinae sensu stricto (node 38), and
Potamobatrachus (node 15). Six unambiguous synapomorphies support this node.
Character 1. Shape of the posteroventral margin of vomer (State 1 – straight to slight
concave). 3 steps. The posteroventral margin of the vomer in most outgroups and other
batrachoidiforms is deeply concave (state 0). The transformation from state zero to state one
is a synapomorphy of node 39, with a subsequent reversal to state zero in Batrachoides. A
straight posteroventral margin of the vomer has homoplastic occurrence in the outgroup
Ophidion (Ophidiidae).
Character 33. Intercalar (State 1 - absent). 2 steps. The intercalar is a very small membranous
bone associated with the reduced ventral limb of the posttemporal. In all taxa of node 39, the
intercalar is absent, and is considered to be a synapomorphy of this group. A secondary loss
of the intercalar occurs independently in Halobatrachus didactylus.
Character 39. Depth of postmaxillary process of premaxilla (State 1 – 2.5-3 times
premaxillary depth). 6 steps. Although the transformation to state one supporting clade 39
was found in all fundamental trees, this character has several homoplastic occurrences.
Optimization suggests that state zero (1.5 times premaxillary length) is the plesiomorphic
condition for Batrachoidiformes, with state one appearing three times within this order: in the
clade formed by Perulibatrachus, Halobatrachus and Colletteichthys (node 34), and
Batrachoidinae sensu stricto (node 38). Reversals to state zero events are observed in
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Daector dowi (node 20) and at least once in Opsanus, Sanopus, and Amphichthys (node 37;
the optimization within this last three taxa is ambiguous).
Character 144. Contact of the second epineural bone with the vertebral column (State 1 – not
contacting the second vertebra). 1 step. In all examined outgroups and other
batrachoidiforms, the second epineural bone contacts the second vertebra either on the neural
arch or the neural spine. The loss of contact of the second epineural bone with the vertebral
column is interpreted to be an unambiguous synapomorphy of node 39.
Character 156. Contact with the ventral limb of posttemporal (State 3 – associated with
exoccipital). 5 steps. In all other Batrachoidiformes, the ventral limb of the posttemporal is
associated with the intercalar. With the loss of the intercalar in this node, contact of ventral
limb of the posttemporal to the neurocranium varies among species. The transformation from
state zero (articulating with intercalar) to three is a synapomorphy of node 39, with a
homoplastic occurrence in Vladichthys. Within node 39, transformation from state three to
one (associated with pterotic) is recovered as a synapomorphy of node 38 (Batrachoidinae
sensu stricto), with homoplastic occurrence in Thalassophryne maculosa.
Character 175. Shape of the medial lamina of basipterygium (State 0 – medial margin convex
and continuous). 2 steps. In the examined outgroups, a medial lamina is deeply concave,
forming a process (state 1; except for Lepomis, in which the basipterygium does not bear a
medial lamina; character 174). This state is observed in all representatives of Halobatrachinae
(node 31), Triathalassothia (node 11), and in Halophryninae sensu stricto (node 26).
Therefore, the transformation from state one to zero is interpreted to be a synapomorphy of
node 39, with a subsequent reversal in Porichthys pauciradiatus (other species of Porichthys
were found having state zero; e.g., P. notatus, Chapter 3: fig. 16).
The following characters have ambiguous optimizations, being regarded as
synapomorphies of node 39 only in some of the fundamental trees: Character 8 (state 0), 110
(state 1), 145, (state 0), 163 (state 0), 178 (state 1), 184 (state 0).
Batrachoididae subgroups
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Nodes 15 (Potamobatrachus), 38 (Batrachoidinae sensu stricto), and 41
(Porichthyinae and Thalassophryninae) comprise the polytomy that arises from node 39. The
synapomorphies that support each node are described below:
Node 15. Potamobatrachus
Collette (1995) described this monotypic genus endemic to Brazilian freshwater rivers
of Araguaia and Tocantins. It is unique among batrachoidiforms by having three subopercular
spines. Despite its striking resemblance to Batrachoides, Potamobatrachus was recovered
outside of Batrachoidinae sensu stricto (see discussion on phylogenetic placement of
Potamobatrachus above). Seven unambiguous autapomorphies support node 15, three of
them related to their highly modified first dorsal gill arch.
Character 21. Ascending process of parasphenoid, contact. (State 0 – contacting only
prootic). 6 steps. The ascending process contacting both prootic and pterosphenoid (state 1) is
plesiomorphic for Batrachoididae (node 27). The transformation from state one to zero is
regarded as an autapomorphy of Potamobatrachus. Homoplastic occurrences in Porichthys,
Triathalassothia, and all representatives of Halobatrachinae except Batrichthys.
Character 71. Number of subopercular spines. (State 2 – three spines). 5 steps. Optimization
for this character was described for node 31, Halobatrachinae. Three subopercular spines
(state 2) is present only in Potamobatrachus and in the subopercle on right side of Barchatus
indicus (the left side had two spines).
Character 93. Orientation of the anterior half of epibranchial 1. (State 1 – ventrally oriented).
4 steps. Most Batrachoidiformes have the anterior half of the first epibranchial oriented
ventromedially (state 0). Three taxa have the anterior half projecting ventrally:
Batrachomoeus, Potamobatrachus, and Daector. Based on this analysis, this character
evolved three times independently.

Character 94. Relative length of the anterior half of epibranchial 1. (State 1 – equal or smaller
than the posterior uncinate process). 3 steps. In most Batrachoidiformes the anterior half of
epibranchial 1 is longer than the depth of the posterior uncinate process (state 0). Three taxa

	
  

342	
  

have state one (Potamobatrachus, Barchatus, and Daector) and it is interpreted to be three
independent occurences.
Character 101. Composition of pharyngobranchial 1. (State 1 – cartilaginous). 2 steps. A
cartilaginous pharyngobranchial 1 is present only in Potamobatrachus and Daector. The
other batrachoids that possess a pharyngobranchial one have this bone completely ossified
(pharyngobranchial 1 is absent in Halophryne and Batrachomoeus). Optimization of this
character resulted in two independent autapomorphies, one in Potamobatrachus and another
in Daector.
Character 139. Total count of caudal fin rays. (State 4 – 17 fin rays). Optimization of this
character recovers 18 fin rays (state 3) as the plesiomorphic condition within node 27
(Batrachoididae). The reduction from 18 to 17 fin rays is interpreted to be a synapomorphy of
Potamobatrachus, with a homoplastic occurrence in Vladichthys.
Character 151. Topology of the origin of epineural bone fine. (state 1 –at the level of the
neural arch of the fifth vertebra). 6 steps. Based on this analysis, the plesiomorphic condition
of this character for Batrachoidiformes is state zero (origin at the level of the fifth vertebral
centrum). Transformation from state zero to one occurred five times independently (including
in Potamobatrachus).
Characters 55 (state 1), 62 (state 1), and 121 (state 1) were recovered as
autapomorphies of Potamobatrachus only in some of the fundamental trees (i.e., have
ambiguous optimizations).
Node 41. Porichthyinae and Thalassophryninae
The subfamilies Porichthyinae and Thalassophryninae are unique among
Batrachoidiformes by having a reduced third dorsal-fin spine and a spineless subopercle.
Greenfield et al. (2008: fig. 78) recovered these two subfamilies as a monophyletic group in
only one of their analyses (using Draconetta as outgroup). In that hypothesis, however, the
clade formed by Porichthyinae and Thalassophryninae was more closely related to
Halophryninae sensu lato than to Batrachoidinae.
This clade is strongly supported in this analysis, having eleven unambiguous
synapomorphies.
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Character 26. Shape of the anterodorsal process of autosphenotic (State 1 - rounded). 4 steps.
See description of the optimization for this character for node 11, Triathalassothidae.
Character 50. Relative position of the anterior edge of palatine in relation to the anterodorsal
process of palatine (State 0 – extending past the anterior margin of the anterodorsal process).
2 steps. In most Batrachoidiformes, the anterior edge of the palatine does extend beyond the
anterior margin of the anterodorsal process (state 1), and this is interpreted as plesiomorphic
for the order. The transformation from state one to zero is recovered as a synapomorphy of
node 41, with a homoplastic occurrence in Sanopus barbatus.
Character 68. Relative position of the cartilaginous ventral edge of hyomandibula (State 1 –
aligned with the anterior edge of the anterodorsal head of articulation). 4 steps. The ventral
edge of the hyomandibula being vertically aligned between its antero- and posterodorsal
heads of articulation (state 0) is considered to be plesiomorphic for Batrachoidiformes. The
transformation from state zero to one is a synapomorphy of node 41, with homoplastic
occurrences in Halophryne and Sanopus.
Character 70. Posterior margin of subopercle (State 0 - spineless). 2 steps. The distribution of
this character was described for node 28, Batrachoidiformes. The presence of subopercular
spines (state 1) is a synapomorphy of the order. The secondary loss of subopercular spines is
optimized as a synapomorphy of Porichthyinae and Thalassophryninae.
Character 75. Number of opercular spines (State 0 – one spine). 3 steps. Most
Batrachoidiformes have two opercular spines (state 0). Optimization of this character resulted
in state zero being plesiomorphic at the base of Batrachoididae (and Batrachoidiformes), with
the loss of the ventral spine being regarded as a synapomorphy of node 41. There are two
homoplastic occurrences with one spine (state zero): one in Opsanus tau and another outside
of Batrachoidiformes, in Ophidion (Ophidiidae).
Character 127. Relative length of pterygiophores of anal fin (State 1 – longer than dorsal-fin
pterygiophores). 7 steps. State 2 of this character (anal and dorsal-fin pterygiophores having
similar length) is recovered as plesiomorphic for Batrachoidiformes. Transformation from
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state two to one is regarded a synapomorphy of node 41, with homoplastic occurrences in
Triathalassothia, Chatrabus, and Halobatrachus.
Character 129. Development of the third dorsal spine (State 1 – reduced to an element equal
or smaller than a medial radial). 1 Step. In all other batrachoidiforms and outgroups, the third
spine is as long as the second spine (state 0). In Thalassophryninae and Porichthyinae, the
third spine is reduced to an element smaller than a medial radial (Chapter 3: figs.14, 22). This
phylogenetic analysis recovered this transformation as a synapomorphy of node 41.
Character 139. Total count of caudal fin rays (State 6 – 15 fin rays). 10 steps. The
plesiomorphic condition for Batrachoididae (node 27) is to have 18 fin rays (state 3). The
subsequent reduction from eighteen (state 3) to fifteen (state 6) is recovered as a
synapomorphy of node 41.
Character 157. Posterior process of posttemporal, contact (State 0 – posterior tip contacting
the pterotic). 3 steps. The posttemporal of Batrachoidiformes has a posterior process that
articulates with the posterolateral edge of the pterotic. Having the entire lateral margin of the
posterior process of the posttemporal associated with the pterotic (state 1) is recovered as the
plesiomorphic condition for Batrachoidiformes. Transformation from state one to zero is
optimized as a synapomorphy of node 41, with homoplastic occurrence in Halobatrachus.
Character 166. Postero-dorsal process of cleithrum, relative size (State 1 – between half to
two-thirds of the length of dorsal tip of cleithrum). 2 steps. In most Batrachoidiformes the
length of the posterodorsal process of cleithrum is similar to the distance from the base of the
process to the dorsal tip of the cleithrum (state 0); this is the plesiomorphic condition for the
family. Transformation to state one is found to be a synapormorphy of node 41 with a
homoplastic occurrence in Vladichthys gloverensis.
Character 180. Relative length of the lateral process of basipterygium. (State 1 – long,
extending anteriorly to the middle of the basipterygium). 1 step. This character state is
present only in Porichthyinae and Thalassophryninae. In all other Batrachoidiformes, the
lateral process of basipterygium does not extend anteriorly beyond the posterior third of the
basipterygium (state 0). Therefore, transformation to state one as a synapomorphy of node
41.
	
  

345	
  

Characters 5 (state 0), 47 (state 1), 161 (state 0), and 176 (state 1) have ambiguous
optimizations, but in some of the fundamental trees they were recovered as synapomorphies
of node 41.
Node 40. Porichthyinae.
This node is strongly supported by 24 synapomorphies observed in all fundamental
trees. Because only a small sample of the diversity of the family was included in this
analysis, I am not describing synapomorphies at the generic level. Here I list a summarized
list of characters that could be confirmed for all species of Porichthys examined.
Character 0. Shape of the anterior margin of vomer. (State 1 – medially concave). 1 step. In
all other batrachoidiforms and outgroups, the anterior margin of the vomer is convex (state
0). Representatives of Porichthyinae are unique in having a vomer with a concave anterior
margin of vomer, which is a synapomorphy of Porichthyinae.
Character 14. Shape of basisphenoid. (State 1 – triangular). 2 steps. In all other
Batrachoidiformes, the basisphenoid is trapezoidal and has a distinct dorsal margin (state 0).
Porichthyinae is the only clade within Batrachoidiformes to have a triangular basisphenoid,
and is therefore recognized as synapomorphy of Porichthyinae. The only homoplastic
occurrence is outside Batrachoidiformes in Ophidion (Ophidiidae).
Character 119. Hypobranchial 3, ratio length by width. (State 1 – longer than wide). 2 steps.
In Lepomis (Centrarchidae) and Ophidion (Ophidiidae) hypobranchial 3 is longer than wide.
In Gobiosoma (Gobiidae) and all other Batrachoidiformes, hypobranchial three is wider than
long (state 0), and this is plesiomorphic for Batrachoidiformes; state one is regarded as a
synapomorphy of Porichthyinae.
Character 135. Dorsal margin of the first ural centrum. (State 1 – bearing a dorsal prezygapophysis). 2 steps. Vaz & Hilton (2020) discovered that the first ural centrum of
Porichthyinae bears a dorsal pre-zygapophysis and suggested that this feature could be a
synapomorphy of this subfamily; this hypothesis was confirmed in this analysis.
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Character 147. Epineural bone two (State 1 – absent). 1 step. In all examined outgroups and
all other batrachoidiforms the second epineural bone is present (state 0), whereas
Porichthyinae lack epineural bones two and three (see Chapter 2). The phylogenetic analysis
recovered the loss of the second epineural bone as a synapomorphy of Porichthyinae.
Character 149. Epineural bone three (State 1 – absent). 1 step. As discussed for character 147,
this character is resolved as a synapomorphy of Porichthyinae.
Character 185. Shape of the anterior margin of lobes of the swimbladder. (State 1 – angular).
1 step. Porichthyinae is unique in Batrachoidiformes by having anteriorly angular lobes of the
swimbladder (state 1), versus having rounded anterior margins for these lobes (state 0); this
transformation is a synapomorphy of Porichthyinae.
The remaining unambiguous synapormorphies of Porichthyinae that were found in all
trees resulting from this analysis, but which could not be confirmed for all species of
Porichthys that were examined, are the following characters and states: Characters 13 (State
1), 27 (State 1), 37 (State 1), 38 (State 2), 40 (State 1), 41 (State 0), 49 (State 1), 52 (State 1),
54 (State 1), 78 (State 1), 79 (State 1), 81 (State 1), 123 (State 0), 138 (State 1), 143 (State 0),
171 (State 2), 173 (State 1). Two transformations were found as synapormorphies only in
some of the fundamental trees: Character 128 (State 2) and 178 (State 0).
Node 42. Thalassophryninae.
Thalassophryninae is unique among Batrachoidiformes in having venom glands
associated to dorsal and opercular spines. Because only a small sample of the diversity of the
family was included in this analysis, I am not describing synapomorphies at the generic level.
The present analysis found eight unambiguous synapomorphies for the family.
Character 61. Shape of the dorsal edge of metapterygoid. (State 0 – triangular, without
projections). 2 steps. Detailed optimization of character 61 was described on node 28
(Batrachoidiformes). Within Batrachoididae, a metapterygoid with a trapezoidal dorsal edge
is plesiomorphic (state 1). The transformation from state one to zero was found to be a
synapomorphy of Thalassophryninae.
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Character 69. Relative position of the opercular process of the hyomandibula. (State 1 –
positioned at the same level of the ventral edge of the hyomandibula). 3 steps. In outgroups
and most Batrachoidiformes, the opercular process of the hyomandibula lies dorsal to the
ventral edge of the hyomandibula (state 0). Having the opercular process at the same level as
the ventral edge of the hyomandibula is a synapomorphy of Thalassophryninae, with
homoplastic occurrences in Halophryne and Sanopus.
Character 76. Opercular spine. (State 1 – hollow). 1 step. Hollow opercular spines was used
as a proxy for including the presence of venom glands in this analysis. Hollow opercular and
dorsal spines are unique to this subfamily, and is recovered as a synapomorphy of this clade.
Character 83. Shape of the base of third branchiostegal. (State 1 – triangular). 1 step. In all
outgroups and other batrachoidiforms, the base of the third branchiostegal is elliptical, and is
similar to the shape of the fourth branchistegal (state 0). In Thalassophryninae, the base of the
third branchiostegal is triangular, and is distinct from the elliptical shape of the base of the
fourth branchiostegal; this was found to be a synapomorphy of Thalassophryninae.
Character 96. Tooth plate on epibranchial 2. (State 1 – present). 5 steps. The absence of an
epibranchial 2 tooth plate (state 0) is the plesiomorphic condition for Batrachoidiformes. The
appearance of a tooth plate on the second epibranchial is interpreted as a synapomorphy of
Thalassophryninae (node 42), with homoplastic occurrences (autapomorphies) in
Batrachomoeus, Barchatus, and Riekertia.
Character 105. Anteromedial region of pharyngobranchial 2 (State 1 – indented, anteromedial
edge positioned lateral to the medial edge of upper tooth plate of pharyngobranchial 2). 3
steps. Details on the optimization of this character were described for node 26,
Halophryninae sensu stricto. Transformation to state 1 is a synapomorphy of
Thalassophryninae (node 42), and is homoplastic with Halophryninae sensu stricto.
Character 140. Orientation of the neural arch and spine of the first vertebra. (State 1 –
anterodorsally projected). 1 step. All outgroups, and most teleostean fishes have the first
neural arch and spine posterodorsally oriented (state 0). As detailed in Chapter 2 (fig. 13),
representatives of Thalassophryninae have a modification of the anterior region of the axial
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skeleton, resulting in the first neural arch and spine to be anterodorsally oriented; this feature
is a synapomorphy of this subfamily (node 42).
Character 151. Topology of the origin of epineural bone five. (State 2 - at the level of
vertebral centrum four). 6 steps. Most outgroups and Batrachoidiformes have the origin of
epineural bone five topologically aligned with the fifth vertebral centrum. As described in
Chapter 2 (fig. 13) and in the previous description of Character 140 above), the anterior
region of the axial skeleton in Thalassophryninae is modified. This modification results in
epineural bones two to five to be shifted anteriorly and become aligned with vertebrae 1-4
instead of vertebrae 2-v5 as in other fishes. Each epineural bone can vary in relation to the
underlying vertebra across the diversity of Batrachoidiformes, the topology of each epineural
bone was coded as distinct characters. In Batrachoididae, state zero is interpreted as
plesiomorphic and epineural five being aligned with the fourth vertebra is recovered as a
synapomorphy of Thalassophryninae.
Node 38. Batrachoidinae sensu stricto.
The genus Potamobatrachus historically has been included within Batrachoidinae
(Greenfield et al., 2008). Characters that placed this genus outside this subfamily in the
present analysis are described above. Node 38 is supported by three unambiguous
synapomorphies, detailed below:
Character 24. Shape of the posterior margin of the pterosphenoid. (State 1 – deeply concave,
resulting in a hammer-like shape). 3 steps. The pterosphenoid of most representatives of
Batrachoidinae sensu stricto is deeply concave, resulting in a hammer-like shaped bone. All
other Batrachoidiformes and most outgroups (Gobiosoma has state 1) have a pterosphenoid
with a mostly straight posterior margin (state 0). This character is as a synapomorphy of
Batrachoidinae sensu stricto, with reversal to state zero in Amphichthys cryptocentrus.
Character 102. Relative length of pharyngobranchial 1. (State 0 – equal to anterior uncinate
process). 6 steps. Descriptions of the optimization of character 102 are detailed for
Batrachoididae (node 27). The plesiomorphic condition for Batrachoididae is to have
pharyngobranchial one to be smaller than half of the uncinate process of epibranchial one
(state 2). State 0 is recovered as synapomorphy of Batrachoidinae sensu stricto, with reversal
to state 2 in Sanopus and change to state 1 in Amphichthys.
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Character 156. Contact of the ventral limb of posttemporal. (State 1 – associated with
pterotic). 5 steps. Optimization of Character 156 is described for node 39, for which the
plesiomorphic condition is state 3 (associated with exoccipital). Transformation from state 3
to 1 is regarded as a synapomorphy of Batrachoidinae sensu stricto, with a reversal to state 3
in Vladichthys gloverensis.
Character 161 (state 1) has recovered as a synapomorphy of Batrachoidinae sensu
stricto, but only in some of the fundamental trees.
Although relationships within Batrachoidinae sensu stricto appeared resolved in this
phylogenetic analysis, I am opting to not detail the support for each node within the
subfamily. Batrachoides, Opsanus, and Sanopus have multiple species allocated to them, and
some of the states of character assigned to the exemplar taxon for the genus in the present
analysis are known to display intrageneric variation (e.g., posterior margin of pterosphenoid
being straight in other species of Batrachoides; state 0 of character 24).

4. Discussion.
Althought the results of this phylogenetic analysis should be viewed as provisional
because several species within species-rich genera have yet to be coded and included, the
general structure (i.e., at family level) of the resulting topology is robust, with various nodes
supported by unique characters. It is also different from previous phylogenetic analysis in
several aspects. The following sections discuss into more details some of the new
arrangements found.
4.1 Paraphyly of Halophryninae sensu lato (= sensu Greenfield et al., 2008).
Halophryninae was erected by Greenfield et al. (2008) to contain the genera
Allenbatrachus, Austrobatrachus, Barchatus, Batrachomoeus, Batrichthys, Bifax, Chatrabus,
Colletteichthys, Halobatrachus, Halophryne, Perulibatrachus, Riekertia, and
Triathalassothia. Their phylogenetic analysis found six morphological transformations that
were interpreted as synapomorphies of Halophryininae sensu lato. The characters (and their
states) include: GWC[14], ceratohyal (anterior) at lower joint with epihyal (posterior
ceratohyal): 0, square; 1, round; GWC[19], length of premaxilla into length of maxilla: 0,
very short (2.4-2.7); 1, short (2.0-2.1); 2, medium (1.5-1.9); 3, long (1.2-1.4).; GWC[25],
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pelvic bone – foramina in median process: 0, absent; 1, present; GWC[26], pelvic bone–
distance of anterior point of median process to its joining place on pelvic bone
(=basipterygium) divided into pelvic-bone length: 0, none, connected entire length; 1, short
(5.2-10.8); 2, medium (3.1-5); 3, long (2.1-2.9); GWC[36], quadrate shape: 0, flat on top all
the way across where it meets metapterygoid; 1, part flat at top, but is triangular shaped; 2,
top rounded, fan-like shaped; GWC[40], opercular spine number: 0, two; 1, one; and
GWC[45], epibranchial 1, length of uncinate process compared to length of proximal end of
epibranchial: 0 = distal end of epibranchial longer than uncinate process; 1 = both
symmetrical; 2 = uncinate process twice as long as distal end of epibranchial; 3 = same as 2,
but with no bump-like expansion on medial side of epibranchial; 4 = distal end of
epibranchial very short and directed towards pharyngobranchial II, and uncinate long and
straight; 5 = distal end of epibranchial very short, but directed laterally, and uncinate long and
straight; 6 = distal end of epibranchial pointed towards ceratobranchials, and uncinate long
and straight.
As described above, these characters are problematic in some regards (see Sections
3.1 and 3.2). A re-assessment of characters from Greenfield et al. (2008) revealed that most
transformations supporting Halophryninae sensu lato were result of erroneous character
construction. For those characters supporting Greenfield et al.’s concept of the family that
were retained were recovered as plesiomorphic with this new data matrix, which included
almost four times the number of characters.
Seven unambiguous synapomorphies support Batrachoididae, including five newly
defined: fused frontals (Character 4[1]), fused anteromedial walls of the supraorbital grooves
(Character 9[1]), absence of the coronomeckelian (Character 63[1]), pharyngobranchial 1
being smaller than half of the length of the anterior uncinate process of epibranchial 1
(Character 102[2]), and anterior epural supporting a single dorsal procurrent ray (Character
137[1]). The present phylogenetic analysis found strong evidence that Allenbatrachus,
Batrachomoeus, and Halophryne (=Halophryninae sensu stricto) are more closely related to a
clade formed by all Batrachoidinae, Porichthyinae, and Thalassophryninae than to other
members of Halophryninae sensu lato.
The presence or absence of a posterodorsal flange in the maxilla in our character
matrix (Character 41 in this analysis; = GWC[16]) has basically the same distribution across
taxa found by Greenfield et al. (2008), except for Halophryne, which was recognized here
having a posterodorsal flange in the maxilla. With this new and more comprehensive
character matrix, however, the optimization of this character recovers the presence of a
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posterodorsal flange in the maxilla as a synapomorphy of Batrachoididae. Similarly, the
variation on the presence or absence of the ventral process of hypobranchial 1 (Character
114; = GWC[44]) has the same distribution as found by Greenfield et al. (2008), except for
Bifax, which has the ventral process of hypobranchial 1, but was coded previously as lacking
it. The analysis recovered the loss of the ventral process as a synapomorphy of
Batrachoididae.
4.2. Provisional evidence for two new subfamilies: Halobatrachinae and
Triathalassothinae.
The “visual consensus” of the phylogenetic hypotheses presented by Greenfield et al.
(2008) has a polytomy at the base of Batrachoidiformes with four lineages, each representing
a subfamily. Our new study demonstrated that the New World subfamilies Porichthyinae,
Thalassophryninae, and Batrachoidinae sensu stricto, and Potamobatrachus form a
monophyletic group (node 39) that is the sister-group of a clade formed by Allenbatrachus,
Batrachomoeus, and Halophryne (node 26). Despite advancing the understanding of
relationships among subfamilies of Batrachoidiformes, this study did not resolve the
relationships at the base of this order. The strict consensus found a polytomy comprising
three lineages: node 27; node 31 (Halobatrachinae); and node 11 (Triathalassothinae).
The position of Trithalassothia varied among the fundamental trees. Four characters
support Triathalassothia as sister-group of Halobatrachinae (characters 21, state 0; 22, state
0; 82, state 0; and 103, state 1) and another four transformations (characters 38, states 0 or 1;
67, states 0 or 1; 139, state 1; and 169, state 1) support Halobatrachinae (node 31) as the
sister-group of the clade formed by Halophryninae sensu stricto, Batrachoidinae sensu
stricto, Potamobatrachus, Porichthyinae, and Thalassophryninae (node 27), with
Triathalassothia positioned as the sister group of their common ancestral lineage (i.e., the
sister group of all other Batrachoidiformes). Most of these characters have multiple
homoplastic transformations. Two characters, however, have lesser homoplastic events that
warrant further discussion. A unique feature of the pharyngobranchial 2 (a distinct condyle
for articulating with the uncinate process of the epibranchial 1; Character 103[1]) is shared
between Triathalassothia and all Halobatrachinae. Within Batrachoididae, only Amphichthys
has this character. This feature of the pharyngobranchial was not observed in outgroups.
The potential implications of Character 169 (composition of the propterygium) are
discussed in Chapter 3. Optimization of this character in this analysis suggests that the
cartilaginous propterygia of Triathalassothia, Perulibatrachus, and Halobatrachus are likely
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homoplasies. However, the transformation from a cartilaginous to an ossified propterygium
could support a close relationship between Halobatrachinae (node 31) and Halophryninae
sensu stricto, Batrachoidinae sensu stricto, Potamobatrachus, Porichthyinae, and
Thalassophryninae (node 27). The inclusion of the other species of Triathalassothia (T.
lambaloti), could potentially resolve this polytomy if this taxon presents variation in the
states of the conflicting characters. A CT scan of this species was generated but the format of
this dataset could not be read by the software currently available.
Regardless of its phylogenetic affinity, our concept of Triathalassothinae is well
supported by four unambiguous synapomorphies, including two uniquely derived features: a
complete absence of swimbladder and the presence of four sets of the m. surperficialis
lateralis extending on the dorsal surface of the abdominal cavity.
Halobatrachinae (node 31) comprises eight genera: Barchatus, Batrichthys, Bifax,
Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus, and Riekertia. The phylogenetic
analysis of Greenfield et al. (2008) also found these genera to form a monophyletic group,
although supported by different characters than those used in the present analysis. None of
the characters supporting this clade used by Greenfield et al. (2008; GWC[36. 37, 45]),
however, were recovered as informative in this phylogenetic analysis.
Reassessment of GWC[36] defined this character to have only two states instead of
three (see Character 60). Besides the change in construction, state 1 in the current analysis
(=equal to state 2 of Greenfield et al., 2008) was found in only five of those genera
(Batrichthys, Chatrabus, Colletteichthys, Halobatrachus, and Riekertia). Barchatus, Bifax,
and Perulibatrachus have an angular dorsal margin of the quadrate. This character was not
recovered as a synapomorphy of Halobatrachinae in any fundamental tree. GWC[37] was
found to be individually variable and therefore removed from the analysis, and the
construction of GWC[45] was determined to be problematic. None of the reconstructed
characters related to the shape of the first epibranchial (Characters 90-94) are optimized as a
synapomorphy of Halobatrachinae.
4.3. Phylogenetic position of Potamobatrachus and potential paraphyly of
Batrachoidinae.
Smith (1952) recognized the subfamily Batrachoidinae to contain the genera and
species that were not within in Porichthyinae or Thalassophryninae. This subfamily was
historically recognized by having three dorsal-fin spines and the presence of subopercular
spines (Collette, 1966). Greenfield et al. (2008) proposed that the subfamily Batrachoidinae
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should be restricted to the genera Amphichthys, Batrachoides, Opsanus, Potamobatrachus,
Sanopus, and Vladichthys (their so-called New World Clade). Their list of diagnostic
characters of this subfamily, however, includes several characters that were not exclusive to
this clade (e.g., three dorsal-fin spines; long sutures between anterior and posterior
ceratohyal). Further, by performing individual analyses with distinct outgroups (instead of
including all selected outgroups in a single analysis, as made here), each phylogenetic
assessment from Greenfield et al. (2008) resulted in a distinct set of character transformations
supporting the monophyly of Batrachoidinae sensu lato, all with ambiguous optimizations.
The only unreversed character found by Greenfield et al. (2008) was the transformation from
state 2 to 5 of character 32 (articular higher and pointed), but only when the outgroups in the
analysis were Raniceps and Synchiropus. However, as shown above (section 3.1), the
construction of their GWC[32] is highly problematic in having states that are not independent
and with redundant coding. In that region, the coronoid process, we described two
morphological characters (64 and 65) and the optimization of both does not offer any
evidence as Batrachoidinae as monophyletic.
A monophyletic Batrachoidinae sensu lato (= sensu Greenfield et al., 2008) was
found in two of the five fundamental trees in the present analysis, with potential
synapomorphies including Characters 5[1], 16[2], 47[0], 128[0], 145[0], 146[2], and 167[1].
However, characters 16, 47, 128, and 145 have ambiguous optimizations in the other
fundamental trees. The only exception is the transformation to state two of Character 146.
The batrachoidine taxon that varied most in its position across the fundamental trees
is Potamobatrachus. In two of the five trees, Potamobatrachus is the sistergroup to all other
Batrachoidinae, whereas in the other three trees it is the sister-group to a clade formed by
Porichthyinae, Thalassophryninae, and Batrachoidinae sensu stricto. The position of
Potamobatrachus is a complex problem that involves six morphological characters. For
Characters 77 (orientation of the anterior margin of the interopercle), 84 (presence of posteroventral process in the ventral hypohyal), and 150 (topology of the origin epineural bone 4),
Potamobatrachus has the plesiomorphic state (as in Allenbatrachus, Batrachomoeus, and
Halophryne) and differ from most Porichthyinae, Thalassophryninae, and Batrachoidinae
sensu stricto. The placement of Potamobatrachus outside Batrachoidinae reduces the number
of steps in the optimization of these characters.
Conversely, the placement of Potamobatrachus as the sister group to all other
Batrachoidinae reduces the number of steps for the optimization of Characters 5, 146, and
167. Character 5 refers to the presence of a longitudinal ridge in the frontals.
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Potamobatrachus, the remaining Batrachoidinae, Halophryne, and Allenbatrachus have a
longitudinal ridge extending across their frontals. Optimizing this character as two
independent occurrences, one at the base of the clade formed by Potamobatrachus and all
other Batrachoidinae, and another for Allenbatrachus and Halophryne (resulting in two steps)
reduces the number of steps from three to two steps. However, this optimization implies that
the longitudinal ridge found in Allenbatrachus and Halophryne are not homologous to that in
Potamobatrachus and the remaining Batrachoidinae. The placement of Potamobatrachus as
sister-group of the clade formed by Batrachoidinae sensu stricto, Porichthyinae, and
Thalassophryninae results in optimizing Character 5 as a gain of the longitudinal ridge of the
frontals at the base of Batrachoididae, then having two independent reversals: one in
Batrachomoeus and another in the ancestral lineage of Porichthyinae and Thalassophryninae.
This is equally parsimonious (i.e., a total of three steps), but suggests that the longitudinal
ridge of the frontals is homologous among these taxa.
Optimization of Characters 146 and 167 are simpler. For Character 146 (relative
length of the second epineural bone), state two (epineural bone 2 between 0.5-0.75 times the
length of epineural 1) is present only in Potamobatrachus and remaining Batrachoidinae. The
placement of Potamobatrachus within Batrachoidinae results in a single transformation (i.e.,
a synapomorphy of Batrachoidinae, as suggested in Chapter 2), instead of two independent
gains if Potamobatrachus is placed outside Batrachoidinae. Optimization of Character 167
(shape of the posterior margin of the postero-dorsal process of the cleithrum) has the same
distribution as Character 146.
Given the conflicting evidence, the strict consensus placed Potamobatrachus in the
polytomy at node 39. Incorporation of the remaining species of species-rich genera such as
Batrachoides and Porichthys has the potential to affect the position of Potamobatrachus, as
some characters vary intragenerically (DFBV, pers. obsv.).
4.4. Evolution of the swimbladder of Batrachoidiformes.
Wiley and Johnson (2010), following the descriptions by Collette and Russo (1981),
proposed that a roughly heart-shaped swimbladder with an anterior indentation forming two
lobes is a synapomorphy of Batrachoidiformes. This analysis, however, does not optimize
this character transformation (Character 183. Shape of swimbladder: State 1 – anteriorly
indented, heart-shaped) as a synapomorphy of Batrachoidiformes. The absence of a
swimbladder in Triathalassothia and its uncertain position in the phylogenetic tree, in
addition to the missing data regarding the swimbladder of Gobiosoma bosc, resulted in an
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ambiguous optimization of Character 183 at the base of the Batrachoidiformes. Regardless of
this ambiguity, the topology of the strict consensus tree allows several inferences about the
evolution of the swimbladder in Batrachoidiformes.
One of the most remarkable characteristics found in this study is the lack of
swimbladder in Triathalassothia. Optimization of this character suggests that the loss of the
swimbladder is a synapomorphy of this genus. Although this phylogenetic analysis includes
only T. argentina, the swimbladder is also absent in T. lambaloti (DFBV, pers. obs.).
Toadfishes are known for using their swimbladder and its intrinsic muscles for vocalizations
(Rice and Bass, 2009; Mohr et al., 2017), which are important components of their
reproductive behavior; the loss of such important organ is remarkable. It is possible, but has
yet to be studied, that the sets of m. superficialis lateralis that extend across the dorsal wall of
the abdominal cavity act as a sound producing muscle (uniquely found in Triathalassothia).
The anterior indentation of the swimbladder (Character 184) has two conditions:
extending to the anterior half of the swimbladder or to the posterior region, resulting in two
separate lobes that are connected only by a slender tube. The optimization of this character
found for all trees that a swimbladder with two separate lobes is the plesiomorphic condition
for Batrachoidiformes. In the current tree arrangements, this condition is present in
Halobatrachinae and Halophryninae sensu stricto. The transformation to the swimbladder
only partially divided likely occurs in the ancestral lineage of Potamobatrachus,
Porichthyinae, Thalassophryninae, and Batrachoidinae sensu stricto, although this is not
identified as a synapomorphy of this node because of missing data for the swimbladder of
Potamobatrachus.
Another systematic character related to the swimbladder is the shape of the anterior
lobes of the swimbladder (Character 185). Regardless of the degree of separation between the
lobes, the anterior margin of the lobes of the swimbladder is rounded in most
Batrachoidiformes. In Porichthyinae, the anterior margin gradually tapers anteriorly, forming
an angular shape. Optimization of this character recovered that this shape of the swimbladder
is a synapomorphy of Porichthyinae.
4.5. Evolution of the pectoral-fin axillary pore organs.
Greenfield et al. (2008) recognized three distinct pectoral-fin axil organs in
Batrachoidiformes and that they were not homologous; although they did not directly address
the homology of these axillary organs, by coding them as distinct characters in their
phylogenetic data matrix, this non-homology is implied. There are no notable differences in
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the morphology, especially in early life-history stages, all pectoral-fin axillary pit organs
were considered to be potentially homologous in the present analysis, with variation
occurring only in their topology. Thus, two characters were defined: Characters187 (Pectoralfin axil pore organ: 0, absent; 1, present) and 188 (Pectoral-fin axil pore organ, position: 0, in
the dorsal edge of pectoral axil; 1, in the middle of the depth of the pectoral axil). In the
future, a detailed study of these organs based on their histology to provide a better
characterization and funtion of these features will be important. However, because
phylogenetic history determines their homology, this is an important first step for
understanding their evolution.
The optimization of the presence of the pectoral-fin axillary pore organ demonstrates
that a pectoral-fin axillary pore organ, regardless of their position, appeared independently at
least three times. One of the occurrences is in the ancestor lineage of Halobatrachidae, with
two independent losses in Chatrabus and Batrichthys; the position of Chatrabus is variable,
so the ancestor of this taxon might never have possessed such organ. The pore is positioned
in the dorsal edge of the pectoral axil in all these genera. Greenfield et al. (2008) classified
the pectoral-fin axillary organ of Halobatrachus as being distinct in its shape (a round
pectoral pore) from the other representatives of Halobatrachidae (described as a funnelshaped pit) and therefore not homologous. The result of the present analysis suggest that the
the funnel-shaped pit and the pectoral pore described for Halobatrachus are homologous.
Another occurrence of an axillary organ is in Batrachomoeus, which was classified as
a pectoral pore by Greenfield et al. (2008). According to the present analysis, the pectoral-fin
axillary pore organ of Batrachomoeus is not homologous to those found on Halobatrachidae,
despite their morphological and positional similarity.
The third occurance of a pectoral-fin axil pore organ is within Batrachoidinae sensu
stricto (in Opsanus, Sanopus, and Amphichthys). In these taxa, the pore is positioned in the
middle of the pectoral axil. In contrast to Greenfield et al. (2008), we hypothesize that the
venetian gland of Amphichthys is homologous to the pectoral-fin axil pore organs observed in
other Batrachoidiformes. Althought they are distinct morphologically, both are similarly
positioned in the middle of the pectoral fin. Optimization of Character 187 supports this
hypothesis, as Sanopus, the sister-group of Amphichthys, also possesses a pore organ in the
axil of the pectoral fin.
4.6. Previously proposed synapomorphies of Batrachoidiformes.
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Wiley and Johnson (2010) summarized nine characters associated with
Batrachoidiformes, including newly observed characters, and proposed them as
synapomorphies of the order (a phylogenetic analysis, however, was not performed). These
potential synapomorphies are discussed below (their character 9, describing the distinctive
swimbladder morphology was discussed above; see section 4.4).
Larvae with enormous yolk sac bearing adhesive disc on its ventral surface (Breder and
Rosen 1966).
We observed this feature in the larvae of Porichthys notatus collected for Chapter 3
(Chapter 3: figs. 1, 2) and in Opsanus tau (DFBV, pers. obs. of individuals in the VIMS
aquarium), and it has been presented in the literature for Halobatrachus (Felix et al., 2016)
and Thalassophryne (Greenfield et al., 2008; Britz and Toledo-Piza, 2012). Although larval
material of most taxa was not available for this study, we also found females of several
species of Batrachoidiformes bearing oocytes with very large yolk sacs inside their
abdominal cavities (e.g., Allenbatrachus reticulatus; Vladichthys gloverensis). This feature
was not included in this analysis because of the lack of information for most species,
although we concur that a yolk-sac that is several millimeters of diameter is likely to be a
characteristic of the diversity of toadfishes, and therefore is likely a potential synapomorphy
of the order.
Unique “crowded” configuration of dorsal spine/pterygiophore complex (see Monod 1960:
fig. 13, Regan 1912).
Regan (1912) proposed that Batrachoidiformes had a “fixed basalia” associated with
their dorsal spines, although he did not illustrate or offer any additional information of this
feature. Based on the illustration of Monod (1960), Wiley and Johnson proposed that the
configuration of dorsal spines and their associated pterygiophores (called “crowded”) is
unique to this order, but failed to provide a clear description of this feature.
The pterygiophores supporting dorsal spines 1-3 in Batrachoidiformes are tightly
attached to the posterior surface of neural spines of vertebra 2 and 3, including Porichthyinae
that has a reduced pterygiophore for the third spine (this pterygiophore is absent in
Thalassophryninae). Further, the pterygiophores that support the second and third dorsal
spines are tightly connected, almost ankylosed, to each other and are together positioned
between the neural spines of vertebra three and four (other pterygiophores are in a 1:1
vertebra:pterygiophore relationship). This complex configuration of pterygiophore/dorsal
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spines represents several distinct morphological characters. The first character is the position
of pterygiophore that supports the third dorsal spine (or the pterygiphore:vertebra ratio): it
can be positioned separated (i.e., 1:1 pterygiophore:vertebra ratio) or in conjunction (2:1
pterygiophore:vertebra ratio) with the pterygiophore supporting the second spine. Although
not thoroughly investigated in this study, this feature is not restricted to Batrachoidiformes.
Lepomis (Centrarchidae) and Phanerodon (Embiotocidae), like Batrachoidiformes, have the
pterygiophores supporting the second and third spines positioned between neural spines of
vertebra three and four (v3 and v4). In Gobiosoma (Gobiidae), the first and second
pterygiophores are positioned between v3 and v4, and third and the fourth are positioned
between v4 and v5. Other spine pterygiophores are arranged in a 1:1 pterygiophore / vertebra
ratio. Ophidion (Ophidiidae) lacks spines, but the three-anteriormost pterygiophores
supporting fin rays are positioned between v4 and v5. Additionally, Ophidiiformes
characteristically have a ratio of 1.8:1 pterygiophores:vertebra for both dorsal and anal fins.
Based on the distribution of the pterygiophore:vertebra ratio described above for other fishes
it is unlikely that having the pterygiophore supporting the third dorsal spine positioned in the
same interneural space as the pterygiophore supporting the second spine is a synapomorphy
of Batrachoidiformes.
The second possible character related to the configuration of the pterygiophores is the
strength of the contact of the pterygiophore of the third dorsal spine to the pterygiophore
supporting the second spine. A more thorough investigation of this feature for correctly
constructing this character is necessary, but the anterodorsal edge of the pterygiophore of the
third spine inserting into the posterodorsal surface of the pterygiophore of the second spine
seems to be unique among fishes. Even in other fishes that have robust pterygiophores
organized in a 2:1 pterygiophore:vertebra ratio (e.g., Lepomis, Gobiosoma), the
pterygiophores do not contact each other. Another possibility (and independent character)
that a “fixed basalia” could mean is the attachment of the dorsal-spine pterygiophores to the
neural arches. The anterior margin of the pterygiophores of Batrachoidiforms has grooves
and concavities that serve as the basis for a strong contact with the neural spines. This feature
was not observed in any of the outgroups included in this phylogenetic analysis, but a broader
survey is warranted.
First epineural hypertrophied, robust and ligamentously bound to medial surface of
cleithrum (pers. obs., GDJ).
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This suggested synapomorphy actually represents two independent characters: the
position of the posterior tip of epineural bone 1 (Character 141) and the relative thickness of
this bone (Character 142). Our phylogenetic analysis found that an epineural bone 1
articulating with the posterodorsal process of the cleithrum is a synapomorphy of
Batrachoidiformes. In contrast, optimization of the character related to the thickness of the
bone recovered an ambiguous optimization and we could not establish a hypertrophied
epineural bone 1 as a synapomorphy of Batrachoidiformes. This optimization, however, is
affected by the use of Ophidion grayi as outgroup, which has a highly developed epineural
bone 1. Within Ophidiiformes there is variation in the thickness of the first epineural bone
and the inclusion of other ophidiiform taxa in the analysis could affect the optimization of
this character.
Five pectoral radials, the uppermost unossified in some species, the lowermost the largest
and with a somewhat condylar association with the coracoid (see Monod 1960: figs. 19, 80,
and Greenfield al. 2008: fig. 60).
The element that had been identified as the uppermost pectoral radial in
Batrachoidiformes is actually a hypertrophied propterygium (Chapter 3), thereby allowing
informed comparisons with other fishes. This phylogenetic analysis optimizes a
hypertrophied propterygium as a synapormorphy of Batrachoidiformes. Waterman (1948)
and Rosen and Patterson (1969) described Gigantactis longicirra (Lophiiformes) as having a
cartilaginous uppermost pectoral radial with a similar morphology as that observed in
Batrachoidiformes. There is no evidence if the uppermost radial-like cartilage of Gigantactis
is the propterygium. However, even if it is, the current phylogenetic placement of
Batrachoidiformes and Lophiiformes in Percomorphacea would dictate that these are
independent occurrences (Betancur-R et al., 2013, 2017).
The part of Wiley and Johnson’s (2010) character description pertaining to the size
and shape of the lowermost radial is actually a complex of multiple morphological characters.
The first is the identification of the lowermost radial as the largest. In all Batrachoidiformes
the lowermost radial is relatively wider (not longer) than the other radials, except for what is
now identified as the propterygium in Porichthyinae, which has the same dimensions as the
lowermost radial. However, several outgroups examined (Lepomis, Centrachidae;
Gobiosoma, Gobiidae) also have the lowermost pectoral radial as the largest (in Gobiosoma,
the two lowermost radials are the largest). In Ophidion (Ophidiidae), the lowermost radial is
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not the longest radial, but is the widest. Therefore, a lowermost pectoral radial being the
largest is unlikely to be a synapomorphy of Batrachoidiformes.
The second part of the character (“somewhat condylar association with the coracoid”)
has two independent characters embedded on it. The first is the articulation of the lowermost
pectoral basal with the pectoral girdle. In Lepomis (Centrachidae), the lowermost pectoral
radial contacts the cartilage between the scapula and the coracoid. In Gobiosoma (Gobiidae)
and Ophidion (Ophidiidae) the two ventralmost pectoral radials articulate with the coracoid.
It is unlikely that the lowermost radial articulating with the coracoid is a synapomorphy of
Batrachoidiformes. The second character is the form of the articulation between the
lowermost radial with the pectoral girdle. A condylar articulation was indeed observed across
the diversity of Batrachoidiformes. In all examined outgroups, radials articulate with the
pectoral girdle frontally (either with the scapula or the coracoid), without forming a condylar
articulation. A condylar articulation of the lowermost radial with the coracoid could be
optimized as a synapomorphy of Batrachoidiformes.
Supracleithrum with condylar articulation with ankylosed posttemporal (pers. obs., GDJ).
This description refers to two distinct characters, here assessed as Character 154,
posttemporal, dorsal limb, attachment to the neurocranium (State 1 – ankylosed to the
epioccipital) and and Character 159, articulation between posttemporal and supracleithrum
(State 1 – condylar). Both characteristics were optimized as synapomorphies of
Batrachoidiformes.
Parietals absent (Rosen & Patterson 1969).
Parietals are absent in all examined Batrachoidiformes. Parietals are also absent in
Gobiosoma (Gobiidae; as pointed out by Wiley and Johnson, 2010), which was recovered as
the sister-group of Batrachoidiformes in this analysis. The optimization of this character
(Character 32) resulted in the loss of parietals as a synapomorphy of the clade formed by
Gobiosoma and Batrachoidiformes. We highlight, however, that additional outgroups would
likely change this optimization, and it is possible that this is a synapomorphy of
Batrachoidiformes, with multiple independent occurences in teleosts.
Pelvic fin with one very short spine and two soft rays.
As in other characters from Wiley and Johnson (2010), this character is a complex of
morphological characters. One character is the presence of a pelvic spine, another is the
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relative length of the pelvic spine, and a third character is the number of soft pelvic fin rays.
Our examinations found two soft fin rays and a relatively small pelvic spine (spine length
about one-third of the length of the first soft ray) in all examined species of
Batrachoidiformes.
All examined outgroups have one pelvic spine. In both Gobiosoma (Gobiidae) and
Ophidion (Ophidiidae), the length of the pelvic spine is very short, less than a quarter of
length of the longest soft fin rays; in Lepomis the length of the spine is about three-fourths
that of the soft rays. Therefore, a short pelvic-fin spine is unlikely to be a synapomorphy of
Batrachoidiformes. Lepomis (Centrarchidae) and Gobiosoma (Gobiidae) have five soft fin
rays, whereas Ophidion (Ophidiidae) has two, as in Batrachoidiformes. Considering this set
of outgroups, it is also unlikely that two soft pelvic-fin rays would be resolved as a
synapomorphy of Batrachoidiformes. Additionally, Rosen and Patterson (1969) proposed the
reduced number of pelvic-fin rays as evidence of close relationship among Ophidiiformes,
Zoarcidae, some Gadiformes, and Batrachoidiformes.
Mesethmoid unossified (Gosline 1970).
This character was briefly discussed in section 3.4. Wiley and Johnson (2010),
following Gosline (1970), proposed that Batrachoidiformes have an unossfied mesethmoid.
Our examination across diversity of this order found a complete absence of this bone.
Therefore, this phylogenetic analysis recovers the absence of a mesethmoid as the
synapomorphy of Batrachoidiformes.
Further notes on the morphology of Batrachoidiformes.
Rosen and Patterson (1969) suggested that the fused frontals found in representatives
of Batrachoididae were evidence of close relationship of Batrachoidiformes to other lineages
of Paracanthopterygii, as conceived at the time (e.g., Percopsiformes, Gadiformes,
Ophidiiformes, Batrachoidiformes, Lophiiformes, and Gobiesociformes). However, having
the frontals fused is in fact an apomorphic condition within Batrachoidiformes. Therefore,
fused frontals in other orders of fishes are potentially, if not likely, homoplastic occurrences
and not evidence of relationship with Batrachoidiformes. Rosen and Patterson (1969) also
described that the batrachoidiform lineage as lacking the intercalar. The presence of this bone
is variable within Batrachoidiformes, and its loss is occurs relatively deeply within the
phylogeny of the order (node 39; = Porichthyinae, Thalassophryninae, Batrachoidinae sensu
stricto, and Potamobatrachus).
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Rosen and Patterson (1969) and Lauder and Liem (1983) described
Batrachoidiformes as having the parasphenoid sutured anteroventrally to the frontals. In this
study. the frontals were found to not contact the parasphenoid, but rather contact the
basisphenoid. The frontals of all Batrachoidiformes have a distinct extension that projects
ventrally from the middle region of the orbit. The basisphenoid of most batrachoids is sutured
to the ventral projection of the frontals (e.g., Opsanus; Fig. 1B). However, in some species
(e.g., Batrichthys) the basisphenoid contacts the ventral surface of the frontals directly,
having the ventral process of frontals surrounding the basisphenoid. The frontals of
Ophidiiformes also project ventrally to form a suture with the basisphenoid and not with the
parasphenoid as described by Rosen and Patterson (1969) and Lauder and Liem (1983). The
ventral process of frontals shared by Batrachoidiformes and Ophidion (Ophidiiformes) is
optimized as homologous in the present analysis, with a secondary loss in Gobiosoma
(Gobiidae). However, the inclusion of additional outgroups is required to more critically
assess the homology of this process. Gobiosoma lacks a ventral process of frontals and an
ossified basisphenoid, but this species has a triangular cartilage continuous to the lateral
ethmoid that is similar to the basisphenoid of Batrachoidiformes. As observed in Porichthys
and Batrichthys this cartilage contacts the ventral surface of the frontals in Gobiosoma.
Rosen and Patterson (1969) suggested that the hyomandibula and preopercle are
ankylosed in Batrachoidiformes. This feature is not present in any species examined. These
authors also described Batrachoidiformes having a reduced number of basibranchials but did
not specify which elements. Their illustration of Thalassophryne (Rosen and Patterson, 1969:
Fig. 58) indicates the presence of basibranchials 1-3. Basibranchial four is absent in
Batrachoidiformes, and the diamond-shaped cartilage, which usually identified as
basibranchial four in other percomorphs, is formed by fusion of hypobranchial in toadfishes
(Chapter 3).
The number of basibranchials of Batrachoidiformes is also variable. All
batrachoidiforms have an ossified basibranchial 1 that is ventral to and articulating with the
posterior end of the basihyal. Basibranchial 3 is lacking only in Halophryne and Daector.
The absence basibranchial 2 is informative (Character 110). All species of Halobatrachinae
and the genera Daector, Porichthys, Aphos, Potamobratrachus, and Batrachoides lack the
second basibranchial. Although the determination of of the plesiomorphic state at the base of
Batrachoidiformes is ambiguous, some of the fundamental trees recovered two independent
losses of the second basibranchial, one as a synapomorphy of Halobatrachinae and another as
synapomorphy of Porichthyinae, Thalassophryninae, Batrachoidinae sensu stricto, and
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Potamobatrachinae. Within the latter group two independent reversals to possessing an
ossified basibranchial 2 are present: one in Thalassophryne and another as a synapomorphy
for Opsanus, Vladichthys, Sanopus, and Amphichthys.
Another feature described as unique for Batrachoidiformes by Rosen and Patterson
(1969) is the elongation of the anterior hypobranchials. The anterior hypobranchials of the
generalized percomorph, Lepomis macrochirus, has similar proportions as the anterior
hypobranchials of Batrachoidiformes. In Lepomis, however, the entire set of bones of gill
arches look relatively thicker than those of Batrachoidiformes. Proportions of the other bones
of the gill arches of Gobiosoma seemed similar to those in Batrachoidiformes as well.
However, an in-depth morphometric study is needed to assess the potential phylogenetic
signal for the bones of gill arches.
4.7. Biogeography of Batrachoidiformes.
The biogeographic patterns of Batrachoidiformes at the species levels were discussed
extensively by Collette and Russo (1981; for Batrachoides) and Greenfield et al. (2008), and
not much can be added to the already detailed information presented in Greenfield et al.
(2008). Because the present phylogenetic analysis was focused on the interrelationships at the
genus- and subfamily levels, this discussion reassesses the biogeography of higher clades in
light of this new phylogenetic hypothesis. Two particular aspects need to be considered when
addressing the biogeography of Batrachoidiformes. First, these fishes are limited in their
dispersal abilities, particularly for trans-oceanic exchanges. This is based on both adult
habitat associations (i.e., near-shore, reef associated habitats) and the absence of pelagic
larval stages. Some species of toadfishes have large ranges, but these are usually associated
to continuous coastal areas (e.g., Opsanus tau, which is distributed from the Gulf of Maine to
Florida, USA, or Porichthys notatus, occurring from British Columbia, Canada to Magdalena
Bay, Mexico; Collette, 2003; Walker and Rosenblat, 1988). Species occurring in islands have
limited distribution, like Sanopus astrifer and S. greenfieldorum, which are known only in
Belize (Collette 1974, 1983; Greenfield et al., 2008). Batrachoidiformes as a whole are
distributed worldwide. In conjunction with the limited dispersal potential, it has been
suggested (e.g., Greenfield et al., 2008) that the order originated when the Pangaea was still
whole or in its early stages of fragmentation, approximately between early to late Jurassic
(200-145 mya; Vavrek, 2016). The phylogenetic hypothesis recovered in this study (Fig. 46)
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is consistent with a biogeographical hypothesis for their origin and diversification that is
congruent with the fragmentation of the Gondwana.
Although the present phylogenetic analysis recovered novel relationships and
arrangement for some clades, it is important to highlight that this study is still taxonomically
incomplete. The above biogeographical inferences were made assuming that all genera are
monophyletic. Particularly in the case of species of the genus Batrachoides, there is known
intrageneric variation for characters used in this phylogenetic study. Therefore, this
discussion is focused on the biogeographical patterns of the main clades within
Batrachoidiformes.
One of the lineages arising from the polytomy at the base of Batrachoidiformes is a
clade that includes Halophryninae sensu stricto, Porichthyinae, Thalassophryninae,
Batrachoidinae sensu stricto, and Potamobatrachus (Potamobatrachinae). Except for
Halophryninae sensu stricto, all other subfamilies are endemic to North and South America.
Species of Halophryninae sensu stricto occur in the Indo-Australia archipelago, extending to
Thailand, Philippines, India, Madagascar, and Reunion. Without invoking a trans-oceanic
dispersal, which is unlikely given the ecology of the group, such distribution can be most
parsimoniously explained by an ancestral lineage that was widespread across the early stages
of the opening of South Atlantic, when South America, Antarctica, India, and Australia were
still connected (approx.145 mya; Vavrek, 2016). The ancestral lineage of Halophryninae
sensu stricto is hypothesized to have then diversified in the Indian and Australian portion of
the range, whereas the other lineage (node 39) diversified in the eastern coastal regions of the
proto South American continent. Additional supporting evidence for this hypothesis relates to
taxa that occur in the Laurasian portion of Gondwana, which will later form North America.
The coastal region of this area contains only species from Porichthyinae (Porichthys) and
Batrachoidinae (Opsanus). Based on the strict consensus presented in this analysis (Fig. 46),
these are terminal clades that are more closely related to species occurring to Central and
South America.
Within Halophryninae sensu stricto the genus Allenbatrachus includes A. grunniens
(India to the Philippines), A. reticulatus (Thailand to Sumatra), and A. meridionalis (endemic
to Madagascar and Reunion); see Greenfield and Smith (2004) and Greenfield et al. (2008).
The ancestral lineage of Allenbatrachus could have being carried into Asia by the proto
continent of India. It is possible that when this landmass was close to Madagascar (88 mya;
Hay et. al, 1999), the ancestral lineage of A. meridionalis dispersed into Madagascar and
Reunion, as suggested by Greenfield et al. (2008). The dispersal of A. grunniens and A.
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reticulatus to southeast Asia might have occurred when India collided with Asia,
approximately 35 mya (Hou and Li, 2017). Most species of Batrachomoeus and Halophryne
are restricted to Australia (Hutchins 1974, 1976; Greenfield, 1998; Greenfield et al., 2008).
Such distribution could lead to the hypothesis that the ancestral lineage of Batrachomoeus
and Halophryne further dispersed east into the proto Australian continent during the early
stages of the fragmentation of Gondwana. It is interesting that the range of B. trispinosus
extends from northeastern Australia to Thailand, thereby potentially indicating that species of
Batrachomoeus can disperse across the islands of Indonesia and Papua New Guinea.
Dispersal across islands in this region could also potentially explain how the ancestral lineage
of H. hutchinsi reached the Philippines. Testing this hypothesis will require a species-level
phylogenetic analysis of the order.
Further evidence linking the diversification of Batrachoidiformes to the fragmentation
of the Gondwana is the distribution of species of Batrachoides. Most species of this genus
occur in the northern regions of South America and Central America, on both the Atlantic
and Pacific coasts (Collette and Russo, 1981). Batrachoides liberiensis, however, occurs in
the eastern Atlantic along the west coast of Africa, from Senegal to Angola (Collette and
Russo, 1981). The phylogenetic position of Batrachoides was recovered in this analysis as
the first lineage arising in the Batrachoidinae sensu stricto (Fig. 46). All other species of this
genus except B. liberiensis, as well as all other related genera in node 39 (Porichthyinae,
Thalassophryninae, Batrachoidinae sensu stricto, and Potamobatrachus) are endemic to the
American continents. The distribution of Batrachoides liberiensis presents an interesting
biogeographic pattern. A similar pattern has also been noted in other groups of fishes. For
example, the basal member of the Scomberomorus regalis species group, S. tritor, is found in
the Gulf of Guinea with the other four species found in the western Atlantic and eastern
Pacific (Banford et al., 1999). This pattern also seems to found in the halfbeaks with
Hyporhamphus picarti, which is found in the Gulf of Guinea, with its relatives in the western
Atlantic and Eastern Pacific (B.B. Collette, pers. comm.). This repeating biogeographic
occurrence in three ecologically distinct taxa may indicate a vicariant event that affected a
broad component of the marine ichthyofauna and suggests that a closer scrutiny of the
biogeography of the ichthyofauna of the Gulf of Guinea is warranted. A species-level
phylogeny of Batrachoides is necessary to better understand this pattern. Considering the
biological aspects of the genus Batrachoides (and of the entire order; Collette and Russo,
1981; Greenfield et al., 2008), it is suggested that B. liberiensis (or at least the ancestral
lineage leading to this species) split from other members of the genus during the
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fragmentation of Gondwana, when South America and Africa were still connected.
According to Vavrek (2016), in the mid-Cretaceous (between 100-120 mya) the areas of
distribution of B. surinamensis (northeast South America) and B. liberiensis were still
connected, potentially explaining how species within this genus can have such wide
distribution. Barat et al. (2014) indicates that the first contact between Central and South
America occurred at 40-38 mya, which provides geological supportive evidence to
biogeographic data of nonflying terrestrial species (O’Dea et al., 2016). This first contact
might have been essential not only for the diversification of Batrachoidinae sensu stricto and
Porichthyinae that occur in the Caribbean and North America.
The phylogenetic relationships proposed for species of the genus Batrachoides by
Collette and Russo (1981) do not show a single separation between Atlantic and Pacific
species. Instead, some species from Pacific shores were recovered as more related to those in
the Atlantic. Such a phylogenetic history potentially relates to the fragmented formation of
the Isthmus of Panama, allowing movement between Atlantic and Pacific Oceans, being not
entirely closed until present day (Coates and Stallard, 2013; O’Dea et al., 2016).
Halobatrachinae includes genera distributed in the Atlantic and Indian oceans along
the coastal regions of Africa, the Arabian Peninsula, and India. The strict consensus
phylogeny recovered in this study recovered a polytomy with five lineages: Barchatus,
Chatrabus, Riekertia, a clade formed by Batrichthys and Bifax, and another clade formed by
Perulibatrachus, Halobatrachus, and Colletteichthys. Riekertia is endemic to South Africa,
whereas species of Chatrabus are distributed from South Africa to Angola (African west
coast) and the range of species of Barchatus extends from the Red Sea to Somalia
(Greenfield et al., 2008; Greenfield, 2014). With such low resolution among these groups and
the need of including the remaining species of each genus in the analysis, little can be
inferred regarding the biogeography of Riekertia, Chatrabus, and Barchatus other than that
these three terminal lineages within Halobatrachinae diversified along the African coast, after
the early fragmentation of Gondwana (approx. 145 mya; Vavrek, 2016).
The sister-group relationship between Batrichthys, which is endemic to South Africa,
and Bifax, a monotypic genus known only from the Arabian Sea in Oman (Greenfield et al.,
2008) suggests that one of the linages (Bifax) arising from node 32 dispersed northward
across the east coast of Africa with the formation of the Arabic region (20-35 mya; Hou and
Li, 2017), whereas the other lineage (Batrichthys) remained in South Africa.
The other clade recovered in all fundamental trees is Halobatrachus as the sistergroup of Colletteichthys, with their ancestral lineage arising from the same node as
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Perulibatrachus (node 33). Halobatrachus is endemic to the eastern Atlantic Ocean, from
Portugal to Angola, whereas species of Perulibatachus occur from the West Coast of Africa,
from Ghana to South Africa, with exception of a single species (P. aquilonarius) that occurs
exclusively in India (Greenfield et al, 2008). All species of Colletteichthys are distributed in
the northern Indian Ocean, from the Arabian Sea to India and Sri Lanka (Greenfield et al.,
2012). The origin of this clade could be related to the early stages of fragmentation of the
Gondwana (145 mya; Vavrek, 2016), when India was still attached to Antarctica. The lineage
of Halobatrachus could have dispersed across the West Coast of Africa, following the
opening of the Atlantic Ocean, whereas the ancestral lineage of Colletteichthys dispersed to
the proto-Indian landmass and was carried northeast as this landmass moved and collided
with Asia (Vavrek, 2016; Hou and Li, 2017).
Perulibatrachus rossignoli, P. elminensis, and P. kilburni are distributed along the
southwest coast of Africa (Greenfield, 1996). If only the African taxa of Perulibatrachus are
considered, the ancestral lineage of this genus could have dispersed across southwest Africa
during the early stages of fragmentation of Gondwana, with Halobatrachus dispersing farther
north and Colletteichthys dispersing east, reaching India. However, a fourth species, P.
aquilonarius, was described as endemic to India (Greenfield, 2005), confounding this
biogeographic scenerio. Such a disjunct distribution suggests that the ancestral lineage of this
species within the genus Perulibatrachus dispersed to India when this landmass was still
connected to Antarctica and Africa. However, the morphometric and meristic characters used
to distinguish P. aquilonarius and P. kilburni are remarkably similar (Greenfield 1996;
2005). Both of these species were described with a single specimen and almost no
comparative series of material is available; intraspecific variation within these species,
therefore, is unknown. Given how similar the two species are morphologically, it is possible
that the single specimen of Perulibatrachus found in India and described as P. aquilonarius
by Greenfield (2005) is potentially a representative of P. kilburni that got anthropogenically
transported across the Indian Ocean (a similar transplantation, by ballast water, is known for
Opsanus beta found in Brazil; Caires et al., 2007). Further assessment on the taxonomic
status of these species is needed.
The third lineage in the polytomy at the base of Batrachoidiformes recovered in this
analysis is Triathalassothia (Triathalassothinae). Species of this genus are restricted to the
southeast region of Brazil (Greenfield et al., 2008), and its ancestral lineage was potentially
established in that area since the early stages of the fragmentation of Gondwana.
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Conclusions
5.1. Batrachoidiformes is a monophyletic group supported by 17 unambiguous
synapomorphies. Several of previously proposed synapomorphies for this group are
recovered here, such as articulation of the first epineural bone with the cleithrum, condylar
articulation between posttemporal and supracleithrum, posttemporal ankylosed to the
neurocranium, and absence of parietals. New morphological characters are also presented,
including the presence of subopercular spines, lateral projections of the urohyal, the origin of
the first epineural bone articulating with neural spine of first vertebra, a hypertrophied and
rod-shaped propterygium, and a filamentous cushion organ in the pelvic fin.
5.2. The subfamily Halophryninae (sensu Greenfield et al., 2008) was found to not represent
a monophyletic group. The genera Allenbatrachus, Batrachomoeus, and Halophryne form the
sister group of a clade composed by all other subfamilies (Batrachoidinae, Porichthyinae, and
Thalassophryninae). This clade, which does not have any taxonomic rank assigned, is
supported by seven unambiguous synapomorphies, such as the fusion of frontals, presence of
a postero-dorsal flange on maxilla, loss of the coronomeckelian, pharyngobranchial smaller
than the uncinate process of epibranchial 1, loss of the ventral process of hypobranchial 1,
and by a reduction to a single dorsal procurrent fin ray being supported by the anterior epural.
5.3. Interrelationships at the base of Batrachoidiformes are not resolved, resulting in a strict
consensus with a polytomy formed by three lineages: a clade that includes all the subfamilies,
Batrachoidinae sensu stricto, Potamobatrachinae, Porichthyinae, Thalassophryninae, and the
genera Allenbratrachus, Batrachomoeus, and Halophryne (proposed here as Halophryninae
sensu stricto); Halobatrachinae n. subfam., a clade comprised by genera Barchatus,
Batrichthys, Bifax, Chatrabus, Colletteichthys, Halobatrachus, Perulibatrachus, and
Riekertia; and Triathalassothinae n. fam., a monogeneric family comprising only
Triathalassothia.
5.4. The subfamily Halobatrachinae is supported by nine unambiguous synapomorphies,
including the coronoid process having its anterior third formed by the dentary and the
posterior third by the anguloarticular, the presence of a hypurapophysis-like process in the
first ural centrum, and the medial process of the basipterygium meeting its antimere medially.
This clade was found by Greenfield et al (2008), but no taxonomic rank was assigned.
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Internal resolution of this clade is weak, having a polytomy at the base with five lineages:
Riekertia, Chatrabus, Barchatus, a clade formed by Bifax and Batrichthys, and another clade
formed by Perulibatrachus, Colletteichthys, and Halobatrachus.
5.5. The phylogenetic position of Triathalassothia remains unresolved, as it was in previous
studies (Greenfield et al., 2008). Its position varied in the fundamental trees as either being
the sister-group of Halobatrachinae or the first lineage to diverge of all Batrachoidiformes.
This genus is monophyletic and unique in the loss of the swimbladder and by a set of four m.
superficialis lateralis extending along the dorsal surface of the abdominal cavity.
5.6. Allenbatrachus, Batrachomoeus, and Halophryne form a monophyletic group that is
similar to one proposed by Greenfield et al. (2008). Three unambiguous synapomorphies
support this group: the presence of a large fenestra in the posterior region of the frontals; the
coronoid process being entirely formed by the dentary; and an indented anteromedial edge of
pharyngobranchial 2. Interrelationships among these genera are not resolved. However, given
the placement of this clade as sister group of the clade formed by Porichthyinae,
Thalassophryninae, Potamobatrachinae, and Batrachoidinae sensu stricto, the definition of
the subfamily Halophryninae is restricted to these three genera.
5.7. Porichthyinae, Thalassophryninae, Batrachoidinae sensu stricto, and Potamobatrachus
form a monophyletic group supported by six unambiguous synapomorphies: a straight
posteroventral margin of vomer; the loss of the intercalar; a postmaxillary process of
premaxilla 2.5-3x deeper than premaxillar depth; second epineural bone not contacting the
vertebral column; the ventral limb of the posttemporal associated with the exoccipital; and a
convex medial lamina of the basipterygium. The base of this node has a polytomy: a clade
formed by Porichthyinae and Thalassophryninae; Potamobatrachus, and Batrachoidinae
sensu stricto.
5.8. Porichthyinae and Thalassophryninae are a strongly supported monophyletic group. This
clade has 11 unambiguous synapomorphies, such as the loss of the subopercular spines, the
reduction to one opercular spine, the reduction of the third dorsal spine to a small element;
and the reduction in to 15 total caudal fin rays. This relationship was found only in one of the
phylogenetic analyses presented by Greenfield et al. (2008).
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5.9. Batrachoidinae sensu stricto (i.e., without Potamobatrachus) is found to be
monophyletic and supported by three synapomorphies: pterosphenoid with hammer-like
shape; pharyngobranchial 1 equal in length to the uncinate process of the epibranchial 1; and
the ventral limb of the posttemporal being contacting the pterotic. The strict consensus of this
phylogenetic analysis placed Potamobatrachus in a polytomy with node 41 (Porichthyinae
and Thalassophryninae) and node 38 (Batrachoides, Opsanus, Vladichthys, Sanopus, and
Amphichthys). Given the position of Potamobatrachus, this genus is provisionally elevated to
sub-familiar level, the n. subfam. Potamobatrachinae.
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Appendix 1 – List of Examined material
Batrachoidinae
Amphichthys cryptocentrus (4). cleared-and-stained: USNM 144888, aprox 30.0 mm SL;
USNM 226515, 126.7 mm SL. CT-scanned: USNM 226515 (2), 151.5 mm SL, 145.7 mm
SL.
Batrachoides liberiensis (3). cleared-and-stained: USNM 219393 (2), 90.2 mm SL, 105.8
mm SL. CT-scanned: USNM 219393, 116.4 mm SL.
Batrachoides manglae (2). cleared-and-stained: USNM 226605, 20.4 mm SL. CT-scanned:
USNM 226605, 67.0 mm SL.
Batrachoides pacifici (6). cleared-and-stained: UF 227127 (4), 45.7 mm SL, 54.3 mm SL,
61.6 mm SL, 73.5 mm SL; USNM 144886(2), 36.1 mm SL, 46.8 mm SL. CT-scanned:
USNM 144886, 98.0 mm SL.
Batrachoides waltersi (3). cleared-and-stained: USNM 367548, 60.2 mm SL; USNM
369505, 47.8 mm SL. CT-scanned: USNM 367548, 150.9 mm SL.
Batrachoides boulengeri (2). cleared-and-stained: USNM 220127, 101.1 mm SL. CTscanned: USNM 220127, 129.6 mm SL.
Batrachoides gilberti (3). cleared-and-stained: FMNH 84549, 73.0 mm SL; UF 12013, 28.8
mm SL. CT-scanned: FMNH 84549, 80.8 mm SL
Batrachoides goldmani (2). cleared-and-stained: USNM 219383, 72.6 mm SL. CT-scanned:
USNM 219383, 116.0 mm SL
Batrachoides surinamensis (3). cleared-and-stained: FMNH 88024, 76.9 mm SL; UF 23108,
113.2 mm SL. CT-scanned: UF 23108, 110.5 mm SL.
Opsanus beta (3). cleared-and-stained: UF89642, 38.1 mm SL; UF 153948, 60.5 mm SL,
75.8 mm SL.
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Opsanus pardus (4). UF 153830, 52.1 mm SL; VIMS 38032, 57.4 mm SL; VIMS 38031,
86.6 mm SL. CT-scanned: VIMS 38033, 90.5 mm SL.
Opsanus phobetron. CT-scanned: UF 227128, 123.6 mm SL.
Opsanus tau (14). cleared-and-stained: VIMS 34755, 24.0 mm SL; VIMS 34756, 29.9 mm
SL; VIMS 34763, 32.4 mm SL; VIMS 34765, 75.9 mm SL; VIMS 34769, 28.3 mm SL;
VIMS 34770, 35.1 mm SL; VIMS 34771, 37.6 mm SL; VIMS 34772, 52.1 mm SL; VIMS
34778, 36.4 mm SL; VIMS 34781, 27.7 mm SL; VIMS 34782, 28.9 mm SL; VIMS 34783,
47.8 mm SL; VIMS 34783, 57.1 mm SL. Dry skeleton. VIMS uncat (approx. 230.0 mm SL).
Potamobatrachus trispinosus. cleared-and-stained: USNM 330064, 49.5 mm SL (paratype).
Sanopus astrifer. CT-scanned: USNM 209720, 246.2 mm SL.
Sanopus barbatus (4). cleared-and-stained: MCZ 44549, 27.5 mm SL; SIO 67-45, 90 mm SL.
CT-scanned: MCZ 44550, 36.0 mm SL. X-ray: USNM 211322, 250.0 mm SL.
Sanopus reticulatus. CT-scanned: UF 112976, 205.0 mm SL.
Sanopus greenfieldorum. CT-scanned: USNM 415327, 24.6 mm SL.
Vladichthys gloverensis (5). cleared-and-stained: FMNH 104587, 39.3 mm SL; USNM
218916, 52.0 mm SL, 60.4 mm SL; USNM 267789, 19.2 mm SL. CT-scanned: USNM
267789, 50.0 mm SL
Porichthyinae
Aphos porosus (5). cleared-and-stained: USNM 309738 (4), 152.3 mm SL, 98.6 mm SL, 89.4
mm SL, 77.5 mm SL. CT-scanned: USNM 305005, 151.4 mm SL.
Porichthys bathoiketes. cleared-and-stained: UF 228539, 73.5 mm SL. CT-scanned: UF
12965 (paratype), 93.8 mm SL.
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Porichthys greenei (6). cleared-and-stained: UF 226105 (5), 37.1 mm SL, 44.0 mm SL, 50.7
mm SL, 56.2 mm SL, 60.7 mm SL. CT-scanned: UF 226105, 64.9 mm SL
Porichthys margaritatus (11). cleared-and-stained: UF 226009 (5), 70.2 mm SL, 70.3 mm
SL, 78.8 mm SL, 89.4 mm SL, 99.2 mm SL; USNM 101730 (5), 19.3 mm SL, 27.9 mm SL,
33.4 mm SL, 39.2 mm SL, 41.3 mm SL. CT-scanned: UF 225009, 121.8 mm SL
Porichthys notatus (5). cleared-and-stained: FMNH 122401, 120.24 mm SL; USNM 104530
(2), 98.2 mm SL, 98.3 mm SL; VIMS 38017, 84.0 mm SL; VIMS 38018, 84.8 mm SL.
Ontogenetic series (36) cleared-and-stained specimens, with sizes ranging from 5.4 to 28 mm
TL. VIMS 40257, 6.5 mm NL; VIMS 40258, 14.3 mm SL (15.8 mm TL); VIMS 40259, 13.1
mm SL (14.6 mm TL); VIMS 40260, 16.1 mm SL (18.4 mm TL); VIMS 40261, 16.3 mm SL
(18.5 mm TL); VIMS 40262, 7.11 mm NL; VIMS 40263, 6.8 mm NL; VIMS 40264, 18.6
mm SL (21.64 mm TL); VIMS 40265, 15.4 mm SL (17.4 mm TL); VIMS 40266, 11.9 SL
(12.9 mm TL); VIMS 40267, 10.6 mm SL (11.4 mm TL); VIMS 40268, 10 mm SL (10.8 mm
TL); VIMS 20269, 11.8 mm SL (13.1 mm TL); VIMS 40270, 14.3 mm SL (15.4 mm TL);
VIMS 40271, 13.7 mm SL (15.2 mm TL); VIMS 40272, 10.9 mm SL (11.7 mm TL); VIMS
40273, 9.7 mm SL (10.3 mm TL); VIMS 40274, 6.8 mm NL; VIMS 40275, 7.9 mm SL (8.4
mm TL); VIMS 40276, 11.5 mm SL (12.5 mm TL); VIMS 40277, 9.0 mm SL (9.8 mm TL);
VIMS 40278, 8.2 mm SL (8.7 mm TL); VIMS 40279, 7.9 mm SL (8.3 mm TL); VIMS
40280, 8.4 mm SL (8.5 mm TL); VIMS 40281, 7.8 mm NL; VIMS 40282, 6.2 mm NL;
VIMS 40283, 7.3 mm NL; VIMS 40284, 7.9 mm NL; VIMS 40285, 6 mm NL; VIMS 40286,
6.4 mm NL; VIMS 40287, 5.4 mm NL; VIMS 40856, 24.3 mm SL (25.7 mm TL); VIMS
40858, 6.7 mm NL; VIMS 40859, 7.4 mm NL.
Porichthys pauciradiatus (2). cleared-and-stained: UF 226549, 44.6 mm SL. CT-scanned: UF
226549, 50.3 mm SL.
Porichthys cf. plectrodon: USNM 302134 (6), 48.7 mm SL, 53.5 mm SL, 56.1 mm SL, 58.6
mm SL, 75.5 mm SL, 77.6 mm SL.
Porichthys plectrodon/porosissimus (5). MZUSP 45398, 35.0 mm SL, 40.0 mm SL; VIMS
1132, 55.7 mm SL, 81.5 mm SL. CT-scanned: MCZ 170729, 150.8 mm SL.
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Thalassophryninae
Daector dowi (12). cleared-and-stained: UF 226263 (9), 43.1 mm SL, 47.9 mm SL, 60.0 mm
SL, 65.2 mm SL, 73.1 mm SL, 73.7 mm SL, 82.3 mm SL, 84.0 mm SL; 89.6 mm SL; USNM
206532 (2), 59.7 mm SL, 79.1 mm SL. CT-scanned: UF 226263, 105.7 mm SL
Daector reticulata. CT-scanned: UF 225055, 144.0 mm SL.
Thalassophryne amazonica (2). cleared-and-stained: ANSP 178103, 76.8 mm SL. CTscanned: ANSP 178103, 94.3 mm SL.
Thalassophryne natteri (4). cleared-and-stained: MZUSP 47262, 114.8 mm SL; MZUSP
47283, 70.4 mm SL; USNM 302333, 69.4 mm SL. CT-scanned: USNM 302333, 113.0 mm
SL.
Thalassophryne maculosa (5). USNM 199524 (2), 64.4 mm SL, 84.2 mm SL; USNM 200558
(2), 26.0 mm SL, 36.1 mm SL. CT-scanned: USNM 200558, 137.6 mm SL.
Halophryninae
Allenbatrachus grunniens. cleared-and-stained: FMNH 51762, 114.3 mm SL. CT-scanned:
LSUMZ-F 14041, 87.3 mm SL.
Allenbatrachus reticulatus (3). cleared-and-stained: FMNH 47420, 94.6 mm SL; USNM
333283, 45.8 mm SL (c&s). CT-scanned: USNM 333283, 61.4 mm SL.
Barchatus cirrhosus. CT-scanned: USNM 221140, 133.9 mm SL.
Barchatus indicus. CT-scanned: USNM 305979, 128.6 mm SL (holotype).
Batrachomoeus dahli. CT-scanned: AMI 13282, 49.2 mm SL.
Batrachomoeus dubius (5). cleared-and-stained: AMI 17793-002, 114.5 mm SL; AMI 20605009 (2), 119.1 mm SL, 114.9 mm SL; CSIRO CA 1223, 78.9 mm SL. CT-scanned: CSIRO
CA-550, 119.5 mm SL.
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Batrachomoeus occidentalis. CT-scanned: AMI 18472-002 (paratype), 65.3 mm SL.
Batrachomoeus rubricephalus. CT-scanned: AMI 18473-001 (paratype), 220.8 mm SL.
Batrachomoeus trispinosus (5). cleared-and-stained: AMI 15557-280, 116.1 mm SL; CSIRO
A-2185, 33.1 mm SL; USNM 423891, 105.7 mm SL. CT-scanned: LSUMZ-F 16715, 84 mm
SL; USNM 423891, 128.5 mm SL.
Batrichthys apiatus (3). cleared-and-stained: SAIAB 12728, 52.8 mm SL; SAIAB 70353,
72.0 mm SL. CT-scanned: SAIAB 12736, 46.3 mm SL.
Bifax lacinia. CT-scanned: CAS 81232 (paratype), 232.1 mm SL.
Chatrabus hendersoni. CT-scanned and cleared-and-stained: SAIAB 70864, 110.9 mm SL.
Chatrabus melanurus (2). cleared-and-stained: SAIAB 13859, 18.3 mm SL. CT-scanned:
USNM 325744, 156.4 mm SL.
Colletteichthys dussumieri (2). cleared-and-stained: USNM 226512, 84.5 mm SL. CTscanned: UF 146291, 101.6 mm SL.
Colletteichthys occidentalis (3). cleared-and-stained: USNM 147914, 45.0 mm SL. CTscanned: LSUMZ-F 18075, 79.6 mm SL; USNM 147914, 104.4 mm SL.
Halobatrachus didactylus (5). cleared-and-stained: UF 216854, 81.0 mm SL; USNM 205066
(2), 59.5 mm SL, 68.1 mm SL. CT-scanned: CAS 234463, 75.3 mm SL; USNM uncat HABst53, 120.0 mm SL.
Halophryne diemensis (5). cleared-and-stained: AMI 6162, 100.0 mm SL; AMI 23930-001,
24.0 mm SL; USNM 174023, 113.8 mm SL; USNM 174024, 55.7 mm SL. CT-scanned:
CSIRO H-4155, 86.4 mm SL.
Halophryne hutchinsi. X-ray: USNM 219717, 96.0 mm SL.
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Halophryne occellatus (3). cleared-and-stained: H-3253-06, 25.1 mm SL. CT-scanned:
CSIRO C2767, 58.7 mm SL, H2784-10, 41.9 mm SL.
Halophryne queenslandiae (2). CT-scanned: AMI 9500, 117.5 mm SL; CSIRO C2824, 178.3
mm SL.
Perulibatrachus aquilonarius. CT-scanned: CAS 231001, 245.0 mm SL.
Perulibatrachus rossignoli (4). CT-scanned: CAS 225368 (2), 154.0 mm SL, 111.4 mm SL;
FMNH 117453, 167.4 mm SL; SAIAB 67750, 146.6 mm SL.
Riekertia ellisi. CT-scanned: SAIAB 12739, 233.2 mm SL.
Triathalassothia argentina (2). cleared-and-stained: USNM 214438, 100.0 mm SL. CTscanned: USNM 214438, 104.6 mm SL
Triathalassotia lambaloti (1). cleared-and-stained: MZUSP 87217, approximately 80 mm SL.

Outgroups
Centrarchidae.
Lepomis sp. cleared-and-stained: VIMS 38044, 52.9 mm SL.
Gobiidae.
Gobiosoma bosc. cleared-and-stained: VIMS 38040, 30.8 mm SL

Ophidiidae.
Ophidion grayi. cleared-and-stained: VIMS 7445, 78.3 mm SL.
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Appendix 2 - Character-by-taxon matrix with one species of each genus of
Batrachoidiformes
Taxon
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Figures.

Fig. 1. Neurocranium of Opsanus tau (VIMS 34772, 52.1mm SL) in dorsal (A), lateral (B),
and ventral (C) views. Morphological characters indicated by (c) followed by its number.
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Fig. 2. Neurocranium of Aphos porosus (USNM 309738, 77.5 mm SL) in dorsal (A), lateral
(B), and ventral (C) views. Morphological characters indicated by (c) followed by its number.
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Fig. 3. Neurocranium of Thalassophryne maculosa (USNM 200558, 36.1 mm SL) in dorsal
(A) and lateral (B) views. Morphological characters indicated by (c) followed by its number.
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Fig. 4. Neurocranium of Allenbatrachus reticulatus (USNM 333283, 45.8 mm SL) in dorsal
(A) and lateral (B) views. C. Oblique view of postero-dorsal edge of neurocranium
highlighting details of the ventral limb of posttemporal and the presence of intercalar.
Morphological characters indicated by (c) followed by its number.
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Fig. 5. Neurocranium of Halophryne diemensis (AMI 23930-1, 24 mm SL) in dorsal (A) and
lateral (B) views. Morphological characters indicated by (c) followed by its number.
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Fig. 6. Neurocranium of Barchatus indicus (USNM 305979, 128.6 mm SL) in dorsal (A),
lateral (B), and ventral (C) views. Morphological characters indicated by (c) followed by its
number.
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Fig. 7. Neurocranium of Batrichthys apiatus (SAIAB 70353, 72 mm SL) in dorsal (A), lateral
(B), and ventral (C) views. Morphological characters indicated by (c) followed by its number.
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Fig. 8. Neurocranium of Halobatrachus didactylus (USNM 205066, 59.1 mm SL) in dorsal
(A) and lateral (B) views. Morphological characters indicated by (c) followed by its number.
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Fig. 9. Dorsal view of the neurocranium of Batrachoides liberiensis (USNM 219393, 116.4
mm SL) and Vladichthys gloverensis (USNM 267789, 50.0 mm SL). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 10. Jaws, hyopalatine arch, and opercular series of Opsanus tau (VIMS 34772, 52.1mm
SL) in labial (A) and lingual (B) views. Morphological characters indicated by (c) followed
by its number.
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Fig. 11. Jaws, hyopalatine arch, and opercular series of Porichthys pauciradiatus (UF
226549, 44.6 mm SL) in labial (A) and lingual (B) views. Morphological characters indicated
by (c) followed by its number.
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Fig. 12. Jaws, hyopalatine arch, and opercular series of Daector dowi (USNM 206532, 70.0
mm SL) in labial (A) and lingual (B) views. Morphological characters indicated by (c)
followed by its number.
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Fig. 13. Jaws, hyopalatine arch, and opercular series of Batrichthys apiatus (SAIAB 70353,
72 mm SL) in labial (A; left side) and lingual (B; right side) views. Note the variation in
number of subopercular spines between different sides. Morphological characters indicated
by (c) followed by its number.
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Fig. 14. Jaws, hyopalatine arch, and opercular series of Halobatrachus didactylus (USNM
206532, 59.5 mm SL) in labial (A) and lingual (B) views. Morphological characters indicated
by (c) followed by its number.
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Fig. 15. Jaws, hyopalatine arch, and opercular series of Batrachomoeus trispinosus (CSIRO
A2185, 33.1 mm SL) in labial views. Morphological characters indicated by (c) followed by
its number.
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Fig. 16. Ventral hyoid arch of Opsanus tau (VIMS 34772, 52.1mm SL) in labial (A) and
lingual (B) views. Morphological characters indicated by (c) followed by its number and state
(s).
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Fig. 17. Ventral hyoid arch of Porichthys pauciradiatus (UF 226549, 44.6 mm SL) in (A) and
Daector dowi (USNM 206532, 70.0 mm SL) in (B), both in labial view. Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 18. Ventral hyoid arch of Chatrabus hendersoni (SAIAB 70864, 110.9 mm SL) in labial
view. Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 19. Dorsal gill arches of Opsanus tau (VIMS 34772, 52.1mm SL) in dorsal (A), frontal
(B), and ventral (C) views. Morphological characters indicated by (c) followed by its number.
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Fig. 20. Dorsal gill arches of Halobatrachus didactylus (USNM 205066, 59.5 mm SL) in
dorsal (A), frontal (B), and ventral (C) views. Morphological characters indicated by (c)
followed by its number.
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Fig. 21. Dorsal gill arches of Daector dowi (USNM 206532, 70.0 mm SL) in dorsal (A) and
ventral (B) views. Morphological characters indicated by (c) followed by its number.
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Fig. 22. Dorsal gill arches of Batrachomoeus trispinosus (USNM 423891, 105.7 mm SL) in
dorsal (A), frontal (B), and ventral (C) views. Morphological characters indicated by (c)
followed by its number.
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Fig. 23. Dorsal gill arches of Allenbatrachus reticulatus (USNM 333283, 45.8 mm SL) in
dorsal (A), frontal (B), and ventral (C) views. Morphological characters indicated by (c)
followed by its number.
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Fig. 24. Dorsal gill arches of Halophryne diemensis (AMI 23390, 24.0 mm SL) in dorsal (A)
and ventral (B) views. Morphological characters indicated by (c) followed by its number.
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Fig. 25. Dorsal gill arches of species of Colletteichthys, in dorsal (A, B) and frontal views (C,
D). A. Colletteichthys dussumieri (USNM 226512, 84.5 mm SL). B–D. Colletteichthys
occidentalis (USNM 147914, 45 mm SL). D. Illustration of the first epibranchial highliting
the discontinuous ossification of the anterior region. Color code: green, ossification of first
epibranchial; gray, connective tissue connecting the tip of anterior half to its posterior region.
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 26. Ventral gill arches of Opsanus tau (VIMS 34772, 52.1mm SL) in dorsal view (A)
and in higher magnification of the anterior region in ventral view (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 27. Ventral gill arches of Batrichthys apiatus (SAIAB 70353, 72.0 mm SL) in dorsal
view (A) and in higher magnification of the anterior region in ventral view (B).
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 28. Ventral gill arches of Thalassophryne maculosa (USNM 199524, 64.4 mm SL) in
dorsal view (A) and in higher magnification of the anterior region in ventral view (B).
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 29. Ventral gill arches of Daector dowi (USNM 206532, 70.0 mm SL) in dorsal view
(A) and in higher magnification of the anterior region in ventral view (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 30. Ventral gill arches of Porichthys pauciradiatus (UF 226549, 44.6 mm SL) in dorsal
view (A) and in higher magnification of the anterior region in ventral view (B). In (C), high
magnification of the comb-like gill rakers of characteristic of Porichthyinae. Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 31. Ventral gill arches of Allenbatrachus reticulatus (USNM 333283, 45.8 mm SL) in
dorsal view (A) and in higher magnification of the anterior region in ventral view (B).
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 32. Ventral gill arches of Halophryne diemensis (AMI 23390-1, 24.0 mm SL) in dorsal
view (A) and in higher magnification of the anterior region in ventral view (B).
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 33. Lateral view of the anterior part of the caudal region of the axial skeleton of
Perulibatrachus rossignoli (CAS 225368, 111.4 mm SL) in (A) and Aphos porosus (USNM
309738, 77.5 mm SL) in (B).
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Fig. 34. Lateral view of the dorsal fin spines of Chatrabus melanurus (USNM 325744, 156
mm SL) in (A) and Thalassophryne maculosa (USNM 200558, 36.1 mm SL) in (B).
Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 35. Lateral view of the pectoral fin of Opsanus tau (VIMS 34772, 52.1mm SL) in (A)
and Halobatrachus didactylus (USNM 205066, 59.5 mm SL) in (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 36. Lateral view of the pectoral fin of Allenbatrachus reticulatus (USNM 333283, 45.8
mm SL) in (A) and Batrichthys apiatus (SAIAB 70353, 72.0 mm SL) in (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 37. Lateral view of the pectoral fin of Daector dowi (USNM 206532, 70.0 mm SL) in
(A) and Porichthys pauciradiatus (UF 226549, 44.6 mm SL) in (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 38. Ventral view of the pelvic fin of Colletteichthys dussumieri (USNM 226512, 84.5
mm SL) in (A) and Aphos porosus (USNM 309738, 77.5 mm SL) in (B). Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 39. Morphological variation of the swimbladder of Batrachoidiformes, ventral view. A.
In Opsanus tau showing its attachment to the antero-dorsal wall of the abdominal cavity. B.
Batrachoides boulengeri. C. Daector dowi. D. Thalassophryne natteri. Morphological
characters indicated by (c) followed by its number and state (s).
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Fig. 40. Morphological variation of the swimbladder of Batrachoidiformes, ventral view. A.
Halophryne diemensis. B. Batrachomoeus trisinosus. C. Batrichthys apiatus. D. Riekertia
ellisi. Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 41. Morphological variation of the swimbladder of Batrachoidiformes, ventral view. A.
Aphos porosus. B. Porichthys notatus. Morphological characters indicated by (c) followed by
its number and state (s).
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Fig. 42. Morphological variation of the pectoral-fin axillary pore organ of Batrachoidiformes,
in posterior view. A. Barchatus indicus. B. Halobatrachus didactylus. C. Batrachomoeus
trispinosus. Morphological characters indicated by (c) followed by its number and state (s).
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Fig. 43. Morphological variation of the pectoral-fin axillary pore organ of Batrachoidiformes,
in posterior view. A. Opsanus tau. B. Sanopus greenfieldorum. C. Amphichthys
cryptocentrus. In Amphichthys cryptocentrus (C), the axillary organ is modified into a series
of dermal folds (=Venetian gland of Greenfield et al., 2008). Morphological characters
indicated by (c) followed by its number and state (s).
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Fig. 44. Fundamental trees (A-E) and strict consensus (F) of Batrachoidiformes.
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Fig. 45. Strict consensus of Batrachoidiformes with nodes numbered, which were used as
reference for the results.
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Fig. 46. Strict consensus of Batrachoidiformes with all characters plotted. Transformations
(circles) without homoplastic occurrences are colored in black; with homoplasy, in white.
Number above each transformation (circle) represents the number of the character. Number
below represents the apomorphic state of that transformation.
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